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TRANSPARENT POLYURETIlANES SYNIHESIS, CHARACTERISATION & MUSTARD GAS 
RESISTANCE. 
Abstract 
Transparent Polyurethanes based upon Polycaprolactone and H"MDI 
isocyanate (Desmodur W) have been synthesised and tested wiUi 
regard to permeation by Mustard Gas (HD). Variations in soft 
segment molecular weight, reaction ratio, and chain extender, 
as well as the effect of crosslinking have been investigated. 
It was found that the principal factor governing permeation 
behaviour was soft segment molecular weight. However as hard 
segment content increased the determinant role of the soft segment 
diminished. 
Morphological Analysis of the synthesised polyurethanes was carried 
out using DSC, CMI'A, GPC, and WAXD techniques. The physical 
properties (Hardness, Tensile Strength, etc) of these materials 
were also determined. Results showed that the use of mixed diol 
chain extenders or trifunctional crosslinking elements produced 
increased phase mixing in the polyurethanes as a consequence of 
poorer hard segment domain organisation. This had the effect of 
reducing soft segment restrictions such that poorer permeation 
performance was obtained. . 
GPC and DSC Analysis of the various polycaprolactones used in the 
synthesis programme suggested that the lower molecular weight polyols 
(550-2000) were composed of at least two different molecular weight 
species. Work with mixed polyol formulations indicated this may 
affect the physical properties of the polyurethanes. GPC Analysis 
of the synthesised polyurethanes themselves showed a wide variety of 
molecular weights were obtained; these were seen to be very dependent 
upon polyol molecular weight. The CAPA 210 (1000 Mol.Wt.) based 
elastorners had the highest Mn values. It is believed these variations 
in molecular weight are related to the presence of different catalysts, 
activators, etc in the original polyols. 
Injection Moulding trials were carried out on the formulation considered 
to be the most promising candidate for the face mask material. Slight 
changes in physical properties were obtained as processing conditions 
were varied. Most significantly the polyurethane began to shown signs 
of yellowing at high injection temperatures (190·C and above). 
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1.0 INTRODUCTION 
1.1 The History of Chemical Warfare 
The beginnings of Chemical Warfare can be traced back as far as 
the ancient Wars of India in 2000 BC and there are many references 
throughout history to attempts by Military Engineers to "Smoke 
the enemy out". (l-3)It was, however, not until the First World 
War that Chemical Warfare finally became of age; the horror with 
Which it arrived is well documented.(l,3-S) 
Crude gas masks (the so called PH helmet, Which was a sack of thick 
blanket material with two glass insets for vision and soaked in a 
. solution that smelt strongly of phenol) were successfully used to 
ChI · (9) Th . od t· deal with attacks of Phosgene and or~e gqs. e ~tr uc Lon 
of Dichloroethyl or '~tard Gas" Which is effective both as a liquid 
(attacking the skin) and a vapour (attacking the lungs) broke this 
gas/gas mask deadlock once and for all. The only perfectly safe 
defence against mustard gas is an all enveloping suit protecting the 
body completely and these were not available at the time. Between 
1915 and 1918 over 1 million men were wounded as a result of chemical 
warfare; 10% of these casualties were fatal. As a result of these 
horrific experiences in World War 1 a treaty, the 1925 Geneva protocol, 
was drawn up to prohibit "the use in war of asphyxiating, poisonous, 
or other gases, and of all liquids, materials, and devices". (5) 
Today this treaty has been signed by nearly 100 countries including 
all NATO and Warsaw Pact states. 
The treaty did not stop development in chemical warfare Bgents and 
presently much more toxic weapons are known. These are the 'G' Agents 
and the 'V' Agents or as they are more commonly referred to: The 
Nerve Gases. Nerve gases work by disrupting the function of the 
Nervous System, inhibiting a key enzyme, - acetylcholinesterase. 
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When this enzyme is· prevented from working the muscle goes into 
spasm and cannot relax. Death oc=s by asphyxiation. As with 
mustard gas, the nerve gases are effective both by inhalation and 
contact with the skin. 
Research has also produced other types of weapon for the chemical 
arsenal including harassing agents (tear gas), incapacitants 
(psychochemicals) and anti-plant chemicals (defoliants). (8,10) 
A complete list of the chemical weapons currently available is 
given in Table 1. 
Biological Warfare has also come to the research forefront in more 
modem times and developments in this field have been reported by 
a number of authors. (6,8,11)Today along with Chemical Warfare, it 
is considered part of the same threat Which is often referred to 
under the term 'CBW' Efforts to achieve a comprehensive prohibition 
banning the stockpiling of CBWweapons as well as their use resulted 
in the 1972 Biological Weapons convention. Problems still remain 
and these are being actively pursued by a 40 Nation Committee in 
Geneva. (12) 
As well as the development of new chemical and biological weapons 
there has also been considerable development in the protection Which 
can be afforded to the active soldier. (13)Basical1y three methods 
of defence are available; physical protection e.g. Gas Masks & Suits; 
chemical protection e.g. ointments; and medical protection i.e. 
antidotes • 
. Since World War 1 the gas mask has been redesigned and improved 
countless times. At present the standard respirator in the U.K. is 
the S6; this has been designed to allow easier breathing, a wide range 
of vision, and a greater degree of comfort. (see Fig.l). The gas 
mssk is used to protect the eyes and the lungs. Filters in the mask 
perform two functions; 
Dlsseminat.Ki 
.-.-:, " 
Military Common! Chemical name Effects Leth.1 dOl age Originat.d 
category code name al: Isee not.) from: 
Harassing agents 
initants CN 2-Ch1oracetophenone 
..... - } -''''ing, 11 000 US, 1918 (tear 9as) 'CS 2-Ch1orobenZaI 
""-
tears, respitatDIY '5000 UK,195O$ 
malOnonotrile powder "fficuIty, 
'CA Dibenzoxazepine LiquKI/aero$Ol nausea '5000 UK,19605 
Casualty agents 
,,'ncapacitants 'BZ 3-Ouinuclidlnyl A"""" Psychotropic, giddiness, US. 19505 
ben2ilate disorientation 
21 Poison gas Chlorine Vapour I lung initants, 190001 Germany, 1915 Phosgene Carbonyl Chloride Vapour ~ 3200 
'Mustard gas BiS (2-d'11otosthyt) Vapour } VeSieaOts, skin and eye 1500 Germany, 1917 
sulphide blisters, lung damage, 
LewiSite 2-ChlOrovinyk:lichloroarS1n8 vapour bfonchOpneLH11Cll\ia 1300 US, 1918 
BlOod gas Hydrogen cyanide Vapour 6Iocks respiration, 2-5000 France, 1915 
3) Nerve gas 
respiratory failure 
'Tabun (GA) EIf1~ NN· VapocxJllquld '00 Germany,1938 
dlInethytphOSpIlOtan"ida 
CYanidate Sweating, vomiting, 
'SaM(GB) Iso-propyknethy1phosphor~ VapourJlqUd cramps, Chest tightness, 100 Germany, 1937 
Houridale coma, convulsion, 
'Soman (GO) l,2.2-Uimethylpn:lpyt VapourJlqUd death 'ran asphyxiation 50 Germany, IS« 
methyJphosphonoflooridate 
'VX E~S.2.cf'_ Uquk1 aerosol 10 UK,1952 W 
ethyl methylphosphonothlolale 
Incendiaries ·N ...... I~~ka~} US,193O$ '. rubberJpolystyf8Oe ExtensfoIe tunS, and . 
_.phos- Dissotved n camon asphyXIation doe to Germany,France, 
pI10rUs ~ . { , . c;IlsuIpt*Se noxious tunes ' UK,191. 
'Magnesium ' Sold , ', Germany, 1939 
" .... 
Anti-plant agents .. 
I) Defoliants -2,+-D ' , 2.4-Oic:t1101 opheI:lOXyecetic :JOOO.35 000 UK, 1940-42 
-acid . 
~,4,S.T 2,4,5-TrkUUiopheiIOXY.c.uC . 35 000-350 000 US, 19-«)$ 
add 
.- 4-ArnIOO-3,5.6- .' US,196Os triChIoropiaJIn 'acid In_", 
21 AntI-crop 'Cacodyflc ' l>melhylarslnic ' kerosene mix 100000 US. 1960$ 
-
add 
3) Soil ·Bromacil" !>Bromc>3-sec-buty!-60 US, 19600 
.terilams 
=aci -Moruon ~1, US, 1960. 1.oimethyU"ea 
·Stockpiled today. 
NOTE: Approximate dosage (mg-minute/m3) of alrbome agent likely to kll about 50 per cent 01 people exposed If Lrlptotected. 
Oral exposure wOUld reduce dosage dtamatlCally (eg the lethal dose of VX taken Ui"aIly-O·3mg). 
TABLE 1. The current Chemical Weapons Arsenal. (after Murphy, Hay & Rose). 
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FIG .l The S6 Respirator 
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1/ To absorb any chemicals with Which air may be contaminated 
before it can be inhaled. 
2/ To filter out any particles Which might be used in biological 
attack. 
Filters can reduce the concentration of inhaled chemical warfare 
agent by a factor of 100,000. They comprise active charcoal 
impregnated with copper or similar material; the charcoal absorbs 
vapour and gases, Whilst small molecule gases (e.g.HCN) react with 
the copper. Paper in the filter will retard particles. 
In addition to·a gas mask, soldiers are also issued with a 
protective suit of clothing. The CB Suit, as it is known, was 
developed at Porton Down in the 1960's and the Mk.3 version or the 
U.S. equivalent is issued to all NATO troops in Europe. It is a 
disposable two piece overgarment worn with gloves and overboots. 
The American suit has a double layer of fabric and weighs approximately 
2 kg; it is water repellent and the fabric encourages nerve gases to 
evaporate rapidly. Sandwich layers of charcoal again act as filters 
as they do in the mask. Most importantly the clothing is permeable 
to air allowing perspiration to evaporate and therefore making it 
more comfortable to wear. New protective suit designs are at present 
being tested. (13) 
Chemical protection works by decomposing the toxic agent before it 
can enter the body. Ointments containing reactive chemicals for 
smearing over the skin before attack or powders for dusting onto 
contaminated skin after attack can be used. It is also possible to 
impregnate clothing with reactive chemicals. 
Medical protection - Prophylaxis - involves the destruction of 
the toxic agent within the body before it can exert its toxic 
effect; or the reversal of its biochemical effect; or the biochemical 
protection of susceptible sites within the body. British soldiers 
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are issued with three autoinjectors loaded with Atropine for 
nerve gas poisoning. Atropine works as an antidote by binding 
to the phosphorus in the nerve gas but will only work if the 
dose inhaled or absorbed is not too high. It has been suggested 
that the role of these antidotes is to boost morale and that as 
a life saver their value is doubtful. (13)New antidotes from oxime 
research are now being developed. (14) 
Finally, treatment for those Who suffer from the effects of chemical 
warfare has also advanced since the days of World War 1. Recent 
victims·of the Iraq/Iran conflict had the poisoning of the body 
fought by slowly trickling their blood over pure charcoal, Which 
acts as an artificial liver, to absorb the poison and the 'clean' 
blood was then returned to their bodies. (lS)Patients were also fed 
charcoal to help combat the poisoning and administered a drug, Cysteine, 
Which is believed to be an antidote for any fungal poisoning present. 
1.2 Aims of the Project 
The preceding section has described how today it is essential for 
troops Who could be involved in chemical warfare to have complete 
protection i.e. Face Mask and Suit. Unfortunately in wearing 
this equipment the efficiency of the soldier is noticeably reduced. (10,16) 
In an attempt to improve the performance of the individual the 
Ministry of Defence is considering the production of a transparent 
face mask. Research directed towards this goal has been going on 
now for a number of years(17-20)and in that time a great many 
materials have been considered, including Natural Rubber, Silicone 
Rubber, EPDM Rubber, and PVC. (17)However, it has been concluded 
that Polyurethane, because of its excellent transparency, mechanical 
strength, abrasion resistant and scratch resistant qualities is the 
most suitable polymer available. So far only one problem has been 
found; tests carried out by the Joint Tropical Trials and Research 
Establishment (JTTRE) have suggested that polyurethanes are susceptible 
to fungal attack.(21,22) 
------- -------
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Similar work to that carried out in the U.K. regarding transparent 
materials has also been carried out on behalf of the United States 
Military forces. (23-2S)This has recently led to a patent application 
being filed for a totally transparent face mask(26)cornposed of a 
silicone elastomer with Viton and polyurethane coatings. 
For any material to be considered suitable for the production of 
face masks it must be impermeable to any of the chemical agents likely 
to be encountered in a state of war. The current S6, and the future 
SlO face masks, are constructed primarily of Natural Rubber and 
Butyl Rubber respectively. Both these materials have excellent 
impermeability to chemical agent penetration. How resistant 
polyurethanes are to chemical agent penetration is unknown at this 
time. It is the aim of this research work to look at the resistance 
of transparent polyurethanes to penetration by Mustard Gas (HD), to 
identify the pertinent chemical strUcture factors influencing 
permeability and so determine the suitability of this material for 
use in face masks. 
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2.0 POLYURETHANES 
Discovered by Otto Bayer (Germany) in the 1930's whilst working 
on a competitive response to the Polyamides developed by Carrothers 
(USA) the polyurethanes have today become a very important class 
of polymer in their own right. The history of their development 
has been documented by a number of authors. (27-30)The versatility 
which the Polyurethanes exhibit is a result of being able to 
synthesise polymers which contain not only the urethane link - the 
basis for classification (see Fig.2)-but also other chemical entities 
as integral units in or on the polymer chains. (31)Hence polymers 
as diverse as rigid and flexible foams, fibres, surface coatings, 
thermosets and thermoplastics can all be included in the term 
"Polyurethane". Foams still tend to be the dominant type of 
polyurethane available on the commercial market. Some 76% of 
annual sales of polyurethane raw materials in 1982 & 1983, which 
totalled almost· 3 million tonnes per annum, was destined for foam 
. production. (32)However, polyurethane elastomers are becoming 
, 
increasingly important. This is because the unique properties of 
this polymer, notably toughness, strength and abrasion resistance, 
have made it suitable for a great many applications.(27,28,33-3S) 
Of more recent times two areas have been receiving much attention; 
the medical field(36-39)and in particular the use of polyurethanes 
in artificial hearts,(40-42)and the automotive industry where 
there is the increasing prospect of polyurethaneand.part.polyurethane 
car tyres coming on to the market. (43-47) 
2.1 Transparent Polyurethanes 
Transparency in polyurethanes has been known for some considerable 
time; this particular property being much utilised by the surface 
coating and safety glass industries. However, transparent 
polyurethane elastomers in their own right are a much more recent 
innovation having only come to prominence during the 1970's. This 
FIG. 2 
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section reviews some of the uses for which transparent polyurethane 
materials have been found suitable. 
2.1.1 Surface Coatings 
Surface coatings can be bonded to a number of substrates e.g. 
leather, paper, textiles, etc, with the resulting article exhibiting 
such properties as high gloss, improved water and solvent resistance, 
low gas permeability, good colour stability,(48-sl)improved abrasion 
resistance,(s2)and good weathering performance.(s~,s4)A number of 
authors detail examples. (28,30,33,34)Dornbrow interestingly reports 
that Germany prior to the second world war had impregnated paper 
with a polyurethane surface coating for the production of mustard 
gas resistant clothing. (30)Not all surface coatings are transparent, 
but those that are, are used not only to improve an article's properties, 
but also to preserve it's cosmetic appearance. This is obviously· 
important for a number of applications. One such example is in 
the coating of glass bottles; a great deal of work on this topic 
having been carried out by Japanese researchers. (s5-67)Similar work 
has also been carried out in Germany. (68-71) 
In Japan, for reasons of safety, it is a legal requirement that 
any glass bottle used to contain carbonated beverages and having 
an internal volume greater than 400 mls and, an internal pressure 
greater than 2.5 kg (at 20·C gauge pressure) has to be either 
designed in thick wall glass or to have a protective coating on 
it. Economics dictate that, for bottles greater than 500 mls 
volume, polymer coatings on thin walled glass rather than the use 
of thick walled glass is advantageous. Whereas in much of Europe 
plastic bottles, in particular Polyethylene Terephthalate (PET) 
have replaced glass bottles, this is not the case in Japan. This 
is because: 
1/ Japan already has a well developed recycling system, and, 
2/ Japan has limited land space available on which to build and 
develop a new waste disposal system. 
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Since the coated bottle was adopted in Japan in 1973 no cases of 
injury from breaking bottles have been reported.(67) 
Kawabata et a1(67)show a typical circulation route that a coated 
bottle would follow and outline the intrinsic properties that it 
must possess. (see Fig.3) It is expected that a coated bottle 
will be recycled several times a year and for it to be a viable 
proposition it is required to have such a durability that it can 
be recycled on more than fifteen occasions during its lifetime. 
It has been found that coating glass bottles with POlyurethane will 
produce this required level of perfonnance. Various methods for 
applying this coating have been developed including extrusion and 
solvent solutions and its thickness will be in the order of 20 -
100 microns. More recently a polyurethane enn.t1sion has been put 
to practical use.(67)This has several advantages over the other 
methods cited including; 
1/ A cornparitive1y simple dipping type coating machine can be 
employed because a one component polyurethane enn.t1sion is used. 
2/ The use of aqueous materials makes it unnecessary to worry 
about the prob1ema caused by organic solvents. 
3/ The transparency of the coated film is so excellent that a 
glass texture is maintained. 
Other applications Where transparent polyurethane surface coatings 
have been put to use include protective coverings for decorative 
badges(72)and 'increasing the abrasion resistance of po1ycarbonate 
optical lenses. (73)The finished lens is said to have much better 
abrasion resistance than CR39. They are also beginning to find 
extensive use for providing scratch resistant layers for safety 
glass. (see next section). 
2.1.2 Transparent Armour (Safety Glass) 
Transparent Armour materials have received considerable attention 
in research and development establishments since the protection 
- 12 -
I COATED BOTTLE MANUFACTURE: 
+ 
BOTTLING PLANT 
Dur-obILlt!l In transportatIon and a bottlIng lIne 
Hot Water ResIstance RETAIL 
Appeot"ance SHOP OR 
I RETAIL SHOPJ WeatherIng ResIstance BOTTLE COLLECTOR 
StaIn ResIstance 
SaFet!l In HYgIenIc Aspect 
SaFet!l upon Breakage 
. ~ CONSUMER I 
FIG. 3 A typical route for a coated bottle and some of 
'the properties it must possess. (After Kawabata et 
al) • 
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of important personnel is considered critical. A wide variety 
of military as well as civilian applications has evolved over 
the years including automobile windshields, lectern protection, 
large architectural windows, and goggles for military tank crews. 
Safety glass has been employed for these purposes for some 
considerable time, i.e. a glass sandwich composed of an inter layer 
bonding together two glass sheets Which When broken results in a 
minimum dispersion of glass fragments. At first plasticised Poly 
Vinyl Butyral (PVB) was used as an interlayer material but problems 
with difficult laminating techniques and poor polymer performance 
led to transparent polyurethanes being considered. The first 
polyurethane/glass laminates date back to the late 1960's but since 
then much effort has been put into research work, particularly by 
large organisations such as PPG Industries,(74-89)Du Pont,(90-93) 
Mobay,(94-9S)General Electric,(96)Monsanto(97)and Bayer,(98)to find 
compositions Which When employed in safety glass laminates give 
not only superior impact resistance but are also energy absorbing 
so as to minimise injury. More recently it has been found that a 
plastics material can be adhered to a single sheet of glass to make 
an impact resistant bilayer. For these purposes it is required 
that polyurethanes, in addition to having impact and energy 
absorbing properties, also have stability to hydrolytic attack and 
degradation by Ultra Violet Light. 
A review of the literature shows that patents for safety glass 
inter layers have been issued in most of the industrially advanced 
nations of the world including the United States, Britain, Holland, 
Germany, France and Japan. (74-l09)All of the commonly available 
polyurethane raw materials have been employed in the different 
preferred formulations. The compositional make up of the safety 
glass (and also its thickness) depends very much upon the purpose 
for Which it is to be used but up to as many as five layers of 
materials are included in designs. (94)These can either be glass/ 
polyurethane/glass laminates or alternatively layers of polycarbonate 
and/or Poly Vinyl Butyral can also be used with the polyurethane. 
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Some typical designs and their applications are show in Fig.4. 
The ,temperature at which the laminate is to perform is also of 
importance and compositions will vary accordingly so that the best 
performance is obtained. It is undesirable to have inter layers 
which might become brittle at service temperatures because there 
would be little diaphragm action when the laminate is ruptured 
thereby increasing the likelihood of injury. Details of the 
preparation of laminates can be found in the appropriate patents. 
In some cases the use of an adhesion promoter or inhibitor may be 
necessary to ensure that the polyurethane adheres to the glass to 
d 1 ° to (84-85)S ° bl dh ° th prevent e wnLna ~on. u~ta e a es~on promoters are e 
alkoxy silanes; these help the polyurethane adhere strongly enough 
to the glass so as to prevent scattering upon rupture of the 
laminate but do not adhere too tightly so as to prevent the 
diaphragm action being obtained. 
Whilst safety glass is still used in Architectural windows and on 
automobile windscreens it has to some extent been replaced by 
polymeric materials for a number of applications e.g. riot control 
shields and aircraft windows. (111,112)Polymers have the advantage 
of being much lighter and easily fabricated into intricate shapes. 
They can also be machined and polished, at far less cost, into 
items traditionally reserved for high quality optics. In terma 
of armour applications the energy absorbing mechanisms of polymers 
is also very advantageous. The search for transparent polymers 
with improved properties has led to the evalustion of a number of 
possibly suitable materials. (113) 
PolyMethylMethacry1ate (PMMA) was the first polymeric material 
to be used for protective devices for personnel and aircraft 
windscreens. Although PMMA has good ballistic properties it has 
two major disadvantages; 
1/ Radial cracking on ballistic impact with subsequent loss of 
clarity and 
2/ Being brittle it will cause backspall and so endanger personnel. 
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Polycarbonate, whilst eliminating the spallation problem, has 
only a slight ballistic advantage over PMMA and in addition shows 
poor resistance to abrasion and cleaning solvents. These drawbacks 
have led to transparent polyurethanes being considered as suitable 
candidate materials. Work carried out in the United States at the 
Watertown Materials & Mechanics Research Center by Wilde et al 
showed that transparent polyurethanes with a ballistics performance 
superior to polycarbonate could be prepared. {ll4-ll7)However, 
these materials were based upon aromatic diisocyanates and 
consequently were tainted a light yellow colour. Similar work 
carried out in the U.K. by Wright & Roberts at the Propellants, 
Explosives, and Rocket Motor Establishment at Waltham Abbey (PERME) 
produced non-yellowing transparent polyurethanes based upon 
cycloaliphatic diisocyanates. These too had ballistic properties 
closely resembling those of polycarbonate with the added advantage 
of failing in a desirable ductile manner. Hydrolysis and solvent· 
resistance was also good. Further study of these materials is 
continuing. (lIB) 
2.1.3 Other Applications 
Whilst the use of transparent polyurethanes in surface coatings 
and armour applications has obviously received much attention in 
the published literature there are other important applications 
where these materials either have been used, or are being considered 
as candidates. Perhaps, most obviously, transparent polyurethanes 
find considerable use in the field of packing; (~24:-126)eitherby. 
themselves (l27-l29) or as film laminates with other polymers such as 
Polyvinylidene Chloride~130)Polypropylene,{131)and Polyamide. (132) 
The most important properties of a polyurethane film are its 
toughness and strength; it can also be a very soft and abrasion 
resistant film. Due to polyurethaes having excellent oil and 
grease resistance they are currently employed for motor oil packaging. 
Other possible applications for polyurethane films include boil-
in-the-bag foods, flexible meat packages, and more recently they 
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have been used in transparent surgical dressings. (133,134) 
Previously it was mentioned that optical lenses have been given 
a polyurethane surface coating to improve their scratch resistance. 
Research work now being carried out is looking at the possibilities 
of using polyurethanes themselves as soft flexible optical lenses.(135-l37) 
Already developed and patented is a polyurethane 'organic glass' 
having a high refractive index, excellent heat and impact resistance, 
high clarity, and suitable for optical lenses. (138)Developrnents 
in optical quality materials continues.(139,140) . 
Finally, transparent polyurethanes are now available commercially 
from the Upjohn Polymer Company. These materials are sold under 
the name "Pellethane" and have been de'signed with a number of 
applications!in mind. They are suitable for processing by most 
of the common fabrication methods including injection moulding, 
ext~ion and blow moulding. (141) 
2.2 Synthesis of Polyurethanes 
Whatever the type of polyurethane to be produced be it foam, coating, 
or elastomer, all are basically formed by the reaction together 
of three components; a polyol, an isocyanate and a chain extender. 
Before discussing these raw materials in some detail it is worth 
briefly considering the main features of isocyanate chemistry since 
it is these Which chiefly influence the synthesis of Polyurethanes. 
More detailed coverage can be found elsewhere. (28,142) 
2.2.1 Isocyanate Chemistry 
Isocyanate reations fall into two main classes of Which the first 
is at present overwhelmingly important in the formation of 
polyurethanes. These are: 
1/ Addition reactions of isocyanates with compounds having active 
hydrogen atoms. 
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2/ Self addition reaction of isocyanates. 
Examples of the first type include the following; 
RN<Xl & R'NH2 - RNHCONHR' (Urea) 
RNCO + R' OH ~ RNHCOOR' (Urethane) 
RN<Xl + R'COOH - RHCOR' + <Xl2 (Amide) 
The order of reactivity of active hydrogen compound towards an 
aromatic isocyanate is a follows; 
. 1. Aliphatic Amine 
2. Aromatic Amine 
3. l' Hydroxyl 
4. 2° Hydroxyl 
5. Water 
6. Carboxylic Acid Urea 
7. Urethane 
Decreasing 
Activity 
The reaction of water with isocyanates is particularly important 
in Urethane chemistry. Isocyanates react with water to give an 
unstable intermediate product of carbamic acid followed by amines 
and carbon dioxide; This reaction has been utilised both in the 
produCtion of foam and moisture =e coatings. However in the 
production of solid elastomers it is an undesirable reaction since 
it can lead to unwanted bubble formation. Therefore it is very 
important that raw materials used in the production of urethane 
elastomers .are perfectly dry. 
) Aliphatic isocyanates are much less reactive towards hYdrogen 
components than aromatic isocyanates and frequently require the 
help of a catalyst. 
Those primary reaction products Which still contain active 
hydrogen atoms can react further with isocyanates to give 
secondary reaction products. The most important of these are the 
following: 
(UREA) RNHCONHR' + RNCO -- RNCONHR' (BIURET) 
(URETHANE) RNHCOOR' 
, 
CONHR 
+ RNCO - RNCOOR' 
I 
ccNI4R. 
(AllQPHONATE) 
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(AMIDE) RNHCOR' + RNCO - RNCOR' (ACYL UREA) , 
CONHR 
These secondary reactions occur less readily than the primary 
reactions. However they can contribute significantly to the 
structure of many polyurethanes and may for example be responsible . 
for crosslinking an otherwise linear polymer system. The thermal 
stability of the addition products of isocyanates with active 
hydrogen compounds ~aries widely according to structure and in 
some instances imposes restrictions upon the choice of polymer 
fabrication conditions Which can be considered. Commonly 
Allophonates and Biurets dissociate between 130C and 150C. 
Self addition reactions of isocyanates may also be significant 
under certain reaction conditions. A number are known but of 
those only one is commonly encountered in practical systema. This 
is the formation of an isOcy~te ring structure; 
Strong 
3RNCO 
Bases 
2.2.2 Raw Materials 
2.2.2.1 Polyols 
o 
IJ 
/C, 
R-N N-R 
.i I I 
~C'N" ...... C~ 
o ,0 
R 
The polyols (or macroglycols) commonly used in the urethane 
industry are po1yether or polyester oligomers end capped with 
hydroxyl groups. Other hydroxyl terminated polymers such as 
polybutadiene, polystyrene and polyisobutylene have been prepared 
and used in polyurethane synthesis but their use is not yet 
significant due to their high price and relative inaccesibility. 
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In the production of foam, modified polyether polyols, PHD 
Polyols and flame retardant polyols are becoming increasingly 
important. (143,144) 
Most of the standard text books review the manufacture and 
types of polyol available so that only a brief mention of these 
is made here. Coomercially the most important polyols are the 
polyethers with both linear and branched varieties being known 
and available in a wide range of molecular weights, usually in 
the order of 500 - 3000. The polyethers are cheaper, easier to 
handle, and have a much better resistance to hydrolysis than the 
polyesters. Polyesters however yield stronger polymers. Some 
of the more common polyols available are shown in Table 2. 
Becoming increasingly important in urethane production are the 
polycaprolactones esters because they offer the high strength 
capability of polyesters coupled with an increased hydrolysis 
resistance .. They are however much more expensive materials. They 
are available in the U.K. from Interox Chemicals Ltd Who offer a 
wide range of products specifically designed to meet the demands 
of many different applications including elastomers, fabric coatings, 
surface coatings, adhesives, and foams. Both linear and branched 
products are available with the higher molecular weight members 
being crystalline solids. (see Table 3). Also available are a 
number of development polymers Which includes polyols containing 
tertiary amine groups. 
Polycaprolactones are of a much lower viscosity than corresponding 
diacid/diol polyesters and also have lower glass transition 
temperatures Which considerably improves cold flexing performance. 
Because of their expense mixtures of polycaprolactone and other 
polyesters have been used to bring about required performance at 
a minimum cost. 
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Ca) POlYETHER GLYCOLS Repeat Unl t 
Pol~TetroHeth~leneGl~col 
-
OCCHi4 -
(PTMG) 
Pol~ 1,2 Ox~prop~lene -OCH2CHCCH3)-
(POPG) 
Cb) POl YESTER Gl YCOlS 
Pol~Eth~leneAdlpote -0 CCH2'.2 OCO CCH~ 4 Co-
(PEA)· 
Pol~TetroHeth~leneAdipote 
-0 CCH~ 4 OCO CCH2) 4 CO-
(PTMA) 
Pol~Ox~Oleth~leneAdipote 
-0 CCH72 0 CCH2)2 OCO CCH:?) 4 CO-(PODA) 
Pol~Coproloctone -0 CCH2)S CO-
CPCU 
TABLE 2. Some of the comnon po1yo1 types used in 
polyurethane synthesis. 
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PRODUCT 
AffrOXimate 
M ECULAR OH VALUE ACID VALUE STRUCTURE PHYSICAL MELTING 
WEIGHT mgKOH/g mgKOH/g FORM RANGE 
Capa Monomer 114 Heterocyclic Liquid _ 1°C 
Capa200 550 204 <0.5 linear Liquid 18-23°C 
Capa203 400 280 <0.5 Linear Liquid 5-10"C 
Capa205 830 135 ·<0.5 linear Paste 25-3O°C 
Capa210 1000 112 <0.5 linear Paste 30-4O"C 
Capa212 1000 112 <0.1 linear Paste 30-4O"C 
Capa214 1000 112 <0.1 Linear Paste 30-4Q°C 
Capa215 1250 90 <0.5 Linear Waxy 35-4SoC 
Capa217 1250 90 <0.1 linear Waxy 3S-4SoC 
Capa220 2000 56 <0.5 Linear Waxy 40-SO"C 
Capa222 2000 56 <0.1 Linear Waxy 40-SO"C 
Capa223 2000 56 <0.5 Linear Waxy 40-SO"C 
Capa22S 2000 56 <0.1 linear Waxy 40-5O°C 
Capa231 3000 37· <0.5 Linear Waxy 5O-6O"C 
Capa240 4000 .28 <0.5 Unear Waxy 55-6O"C 
Capa304 250 540 <0.5 Branched (1=2.4) Liquid <O"C 
Capa30S 540 316 <0.75 Branched (1=3) Liquid 0-10"C 
Capa316 1000 218 <1.0 Branched (1=4) Liquid 10-20"C 
Capa630 30000 ca. 5 Linear Pellets 58-6O"C 
Capa640 37000 ca. 4 linear Pellets 58-6O"C 
Capa650 50000 ca. 2 Linear Pellets 58-6O"C 
Capa656 50000 ca. 2 Linear Powder 58-6O"C 
Capa720 2000 56 <0.1 Linear Paste 3O-35"C 
TABLE 3. The CAPA range of polycaprolactone polyols. 
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2.2.2.2 Isocyanates 
In the early days of the polyurethane industry there were 
relatively few isocyanates commercially available in large 
quantities and initially interest was confined to Tolylene 
Diisocyanate (TDI), Naphthylene Diisocyanate (NOl), 
Hexamethylene Diisocyanate (Hor)and 4,4, Diphenylmethane 
Diisocyanate (MDI)~142)(see Fig 5). Consequently manufacturers 
designed their products, in particular rigid and flexible 
foams, around these materials. Today both TDI & MDl are 
still very popular due mainly to economic reasons and the physical 
properties of the products being Unsurpassed. (145)They are 
available both in the pure form and a wide range of derivatives. 
Manufacturers continue to:cupdate these two families of Isocyanates. 
There is at present a move away from TDI based products to MDl 
based products as a result of more stringent safety requirements~147) 
Both TDI & MDl are aromatic isocyanates and as a consequence tend 
to suffer discolouration and degradation on exposure to light. 
The mechanism for this instability is now fairly well understood~34,148) 
Attempts to inhibit this oxidative process by incorporation of 
antioxidants and U.V. stabilisers have only been partially 
su<ocessful... 
For applications Where good colour retention is required there is 
an alternative to the aromatic isocyanates and that is the aliphatic 
and cycloalip~atic isocyanates. (i.e. isocyanate group not directly 
attached to an aromatic ring). These have not been favoured in the 
past because of their low reactivity and expense. (149)However there 
has been considerable development in recent years and a number of 
aliphatic isocyanates are now becoming available in commercial 
quantities. (ISO) 
HDl was the first aliphatic isocyanate to be used in polyurethane 
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FIG. 5 The early commercial isocyanates. 
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synthesis especially in the production of non-discolouring 
adhesives and flexible surface coatings. Because of its extremely 
low vapour pressure (therefore making it difficult to work with) 
it has been replaced to a large extent by Isophorone Diisocyanate 
(IPDI) in a great number of its applications. Hydrogenated MDI 
(or H12MDI), sold under the name 'Desrnodur W' (Bayer) (formerly' 
the 'Hylene W' of Dupont) , is a cycloaliphatic diisocyanate Which 
has been commercially available since 1965 but has only recently 
becare important because of its use in the production of transparent 
articles. Indeed most of the glass laminates mentioned in section 
2.1.2 have interlayers Which are H12MDI based. More recently Akzo 
Chernie (Holland) have released on to the market two new isocyanates -
PPDI & CHDI - Which it is said give products with superior light 
stability to MDI and also excellent high temperature properties~151-3) 
Other new developments include hydrogenated Xylylene Diisocyanate(154) 
and meta and para TMXDI from the American Cyanamid Cornpany;(155) 
m and p-TMXDI have been produced by a non-phosgenation process 
and so offer the potential for much greater economy than has been 
previously available with the aliphatic isocyanates. Even though 
they contain aromatic rings m and p-TMXDI have characteristics of 
aliphatic diisocyanates because the isocyanate groups are shielded 
from the ring by protective methyl groups. The structure of all 
these aliphatic isocyanates is shown in Fig.6. 
As well as the commercial products available for producing light 
fast polyurethanes there are also sare experimental isocyanates 
known Which give similar effects. (145)These are shown in Fig. 7. 
Safety 
All isocyanates are toxic to a certain extent and must be handled 
with due care. Isocyanates are also lachrymators and respiratory 
irritants; prolonged inhalation may lead to symptons resembling 
asthma as well as sensitization. Therefore good ventilation and 
FIG. 6 
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industrial hygiene are required When working with these materials. 
It should be noted that·individuals vary widely in their response 
to isocyanates. 
The use of isocyanates in industry is governed by the Health and 
Safety Executive. Recently they have revised the acceptable 
working limits ('!'LV or Threshold limit Values) for these materialE56) 
The new values are: 'Maximum allowable concentration of total 
isocyanate groups in air is 0.02 mg per cubic metre for an 8 hour 
time weighted average and 0.07 mg per cubic metre for a 10 minute 
weighted average' ~ 
2.2.2.3 Chain Extenders 
low molecular weight difunctional substances such as diamines 
and dials are often employed as chain extenders in the synthesis 
of polyurethanes. For a great many prepolyrner systelIlS it is 
usual to use aromatic diamines as chain extenders particularly 
if hard elastomer having the best physical properties are 
required. The preferred diamine is 4,4' methylene bis 
(2-chloroaniline) (MOCA) confers an acceptable balance of reactivity 
with the development of good physical properties in the polymer. 
However MOCA has recently been thought to be a suspect carcinogen, 
and although the debate still continues, (157 ,158)the polyurethane 
industry is looking for suitable alternatives. AA aromatic dial 
HQEE88 is a more recent development from the Polaroid company, 
and Klempner & Frisch have also evaluated a similar material HER 
(Resorcinol di-(beta-hydroxyethyl)ether) as possible replacements~159) 
For similar reasons to that of aromatic isocyanates, aromatic chain 
extenders are unsuitable for use in transparent materials. It has 
also been shown that materials prepared from these type of chain 
extenders are distinctly coloured. However low molecular weight 
aliphatic diols such as 1,4, Butane Diol and 1,6 Hexane Diol have 
been found to give clear materials with satisfactory physical 
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properties. By using trifunctional chain extenders e.g. 
TriMethylol Propane it is possible to introduce cross-links 
into the polyurethane and therefore produce thermoset materials. 
The structure of some of the commonly used chain extenders is 
shown in Fig. 8. 
2.2.2.4 Additives 
In addition to the three basic components of a polyurethane 
there are also a number of additives which are frequently used 
in formulations, particularly those involved in the production 
of foam. These include Blowing Agents, Surfactants, Fillers, 
Flame Retardants, Catalysts and antimicrobial agents. 
Catalysis plays a vital role in the preparation of Polyurethanes 
because it not only affects the ra~e of chemical reactions 
responsible for chain propogation, extension, and cross-linking, 
but also affects the ultimate properties of the reSUlting polymers. 
Catalysts most commonly employed are tertiary amines and organotin 
compounds. Organotin compounds show remarkable activity promoting 
reactions of isocyanate with hydroxyl groups in preference to 
reaction with water. They are also readily soluble in reaction 
mixtures and have the advantages of low volatility and low odour. 
In the case of Tertiary amines the promotion of Urethane links is 
related to the strength of the base; basic conditions favour 
cross-linking reactions as described in 2.2.1. These catalysts are 
frequently used by themselves but can be used in combination with 
one another so as to achieve the appropriate balance of chain 
extension and cross-linking. More detailed reviews of their use 
are given by Bruins(34)and Woods. (144) 
Catalysts do however have some disadvantages particularly as regards 
subsequent degradation of a polyurethane. It has been shown that 
the catalyst Di Butyl Tin Dilaurate (DBTDL) can be a very effective 
degradant with a concentration as little as 0.005% increasing the 
rate of hydrolysis eight fold. (148)Organo-metallic compounds have 
FIG. 8 
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also been shown to accelerate the photo-oxidation process in 
polyurethanes Whilst Huang et al have suggested that their 
presence may give rise to centres for the beginnings of fungal 
attack. (160) 
Polyester based urethanes are susceptible in certain environments 
to attack by microorganisms. (33)This can be prevented by the use 
of an anti-microbial agent in the formulation. (16l,162)It is 
important that any microbial agent used be compatible with the 
total formulation and not contribute any colour or odour or change 
any of the physical properties of the material being protected. 
One such agent is Vinyzene (Thiokol Corporation) Which uses 10,10' 
-oxybisphenoxarsine (OBPA) as an active ingredient and Which is 
said to provide a high degree of protection at low concentrations. 
It is available both in pellet form and as a solution in a number . 
of selected non-volatile plasticisers. 
The use of Blowing agents, fillers etc etc is covered in most of 
the standard text books.(34,l44) 
2.2.3 Polyurethane Synthesis 
Two methods are commonly used in the preparation of polyurethanes; 
the one shot process and the prepolymer technique. The latter is 
said to give products with better properties as a result of having 
a more complete structural arrangement. It also allows for easier 
handling and more controlled processing so that today it is the 
most widely used of the two techniques. 
Prepolymers can be prepared either by melt polymerisation or 
solution polymerisation. In melt polymerisation the polyol and 
an excess of Diisocyanate are reacted together to form an intermediate 
polymer (see Fig. 9). This reaction is exothermic and the temperature 
has to be controlled so as to avoid any undesired cross-linking -
in the case of linear polymers - or any dimerization of the 
FIG. 9 
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diisocyanate which can take place at elevated temperatures. 
Often a prepolymer is stored so that chain extension can take 
place at a later date. This should be done under an atmosphere 
of nitrogen so as to prevent moisture coming into contact with 
the isocyanate groups. Better shelf life stability can be 
obtained by adding stabilisers. e.g. Acid Chlorides. 
To form the polyurethane it is necessary for the prepolymer 
to undergo chain extension. Chain extension reactions involve 
the reaction of the prepolymer with a low molecular weight 
diamine (to give a polyurethane urea) or a low molecular weight 
diol (to give a polyurethane). (see Fig.9). Chain reactions 
are also exothermic so that again temperature control is required. 
Diols are comparatively less reactive than diamines and sometimes 
require the use of catalysts. These should be added to the 
polyol prior to mixing. The speed with which the chain extender 
reacts with the prepolymer determines the pot life of a particular 
system. i.e. the time taken for gelation to take place so that 
casting is no longer possible. This can vary from a few seconds 
(highly undesireable) to a ~r of minutes. 
Solution polymerisation is similar to melt polymerisation and 
its advantages are discussed elsewhere. (20) 
In the one shot process the reactants i.e. Polyol,Diisocyanate, 
and chain extender, are all mixed together. Prepolymer reactions 
and chain extension reactions take place simultaneously. The 
major disadvantage of one shot systems occurs in balancing the 
reactivities of the polyol and chain extender with the diisocyanate 
so that an acceptable block copolymer network is built up. This 
is particularly difficult for mixed polyol-diamine systems and 
catalysts are often required to preferentially promote the 
hydroxyl-isocyanate reaction. (31) 
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2.3 Polyurethane Morphology 
Polyurethanes belong to the class of Thermoplastic Rubbers i.e. 
They exhibit rubber like elasticity Whilst possessing a plastics 
capability of being able to be reprocessed and reshaped into 
any desired final form. Since the 1960's much attention has 
been directed, by several major groups of workers, towards the 
elucidation of their morphology and it is now widely accepted 
that polyurethanes are two phase block copolymers of the (AB)n 
type i.e. they consist of alternating blocks of soft and hard 
segments. The hard segments are formed by the reaction of the 
isocyanate and the chain extender Whilst the soft segments are 
formed from the long chain po1yo1 used in the synthesis. 
Microphase separation of these two dissimilar blocks produces 
regions of hard block concentrations, often referred to as 
domains, in a soft segment matrix. These domains act both as 
cross1ink points (being chemically attached to the soft matrix) 
and as filler particles reinforcing the soft segment matrix. 
Crystallisation of either hard or soft segments of these 
thermoplastic e1astomers provides the driving force towards 
phase separation. The final degree of phase separation that is 
attained is considered to be instrumental in determining the 
properties of a polyurethane e1astomer. It is, however, not 
only a function of the system thermodynamics, but depends a great 
deal upon the hydrogen bonding characteristics of the initial 
reactants and the ability of the synthesised hard segments to 
pack correctly to form hydrogen bonds. (163/The effect of different 
reactants upon phase separation is discussed in Section 2.4) 
Since it was first proposed that polyurethanes have a two phase 
morphology many models have been put forward to explain the exact ! 
nature of these materials. Evidence has been collected using a 
wide variety of analytical techniques, e.g. ·Infra Red, X-Ray, 
Thermal Analysis etc, and some of the results that have been 
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obtained are discussed in a number of reviews Which are available 
on the subject.(164-6)At the present time there is no one model 
representing the two phase structure of polyurethanes Which 
has gained widespread acceptance. This is a result of both the 
complexity of the materials in themselves and the fact that there 
is a multitude of precursors available from Which to synthesise 
polyurethanes; and therefore a large number of possible chemical 
structures. (163) 
The early proposals of Bonart, Estes and Wilkes are now commonplace 
in the text books on polyurethanes. (3l,142)All share the feature of 
hard segment domains being pictured as rigid rods with a preferred 
orientation as a result of stro~hydrogen bond interactions. Estes 
suggested a model in Which both soft and hard phases are represented 
as being continuous and interpenetrating (and Which also presumed that 
phase separation in polyurethanes is not complete with some urethane 
blocks being dispersed in the rubbery matrix) Whilst Wilkes demonstrated 
that the domain structure of polyurethanes is an unstable morphology 
with respect to temperature. He proposed that on heating extended 
soft segments contract, or relax, thereby causing hard segments to be 
pulled out of their domains and phase mixing to occur. Upon cooling 
the original structure would be reformed. Later Wilkes & Yusek 
concluded that hard segment domains were lamellar in shape with an 
average separation of 100 - 250 A. Higher spacings were given by the 
samples with the longer soft segments and greater urethane content'/. 
Subsequent work, however, involving electron miscroscopy and Small 
Angle X-Ray scattering studies (SAXS) has now shown that hard segment 
domains are somewhat more irregular in shape with diffuse boundaries 
and that their dimensions are typically in the range 20 - 150 A.(165) 
Attempts to measure the thickness of this diffuse soft/hard segment 
layer have been made by several workers using SAXS.(167)A clear lack 
of agreement exists in the results so far obtained. Koberstein & Stein 
regard that this can be attributed to the wide variety of samples Which 
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have been analysed,different compositions, different molecular 
weights etc) and also the arbitrary use of the analytical method 
itself • 
Much of the more recent work carried out regarding polyurethane 
morphology has been concerned with the way that hydrogen bonding 
and chain packing contribute to the hard segment domain structure 
since it is now thought that this is an important factor in 
determining the extent of phase separation in these materials. (169) 
It was Bonart and his co-workers who had originally considered 
the possible alignment of molecular chains to form hydrogen 
bonded networks (see Fig.lO). The chains are staggered so as to 
allow hydrogen bonding of half of the urethane groups in the 
plane of the paper, and half of theurethane groups in adjacent 
sheets i.e. A three dimensional network. 
Blackwell & Gardner(168)showed that the models of Bonart could be 
further developed by considering the stereochemistry of the 
isocyanate unit in question; namely MD!. Using single crystal 
X-Ray methods upon a model compound Methanol. capped MDI : 
Me-MDI-Me) they were able to determine a structure which allowed 
for a new proposal for the conformation of MDI - Butanediol hard 
segments in polyurethane elastomers. (see Fig.llA) PlanarZig-Zag 
-CHZ-CH2 sections in the Butanediol connect successive Me-MDI-Me 
units which have the same conformation as w?s determined in the 
monorner structure. Successive monomer units along the chain are 
related by a centre of symmetry at the central -CHZ-CH2 bond. The 
chains are linked together in stacks through C~O ... H-N hydrogen 
bonds which involve half of the urethane groups. The remaining 
urethanes are similarly hydrogen bonded to adjacent stacks so that 
the structure is stabilised by hydrogen bonding in both directions 
perpendicular to the chain axis. A triclinic unit cell was 
• • proposed for the structure having the dimentions a = 5.2A, b ~ 4.8A, 
• 0 0 0v 0 c = 35. OA, ex = 115, ,., = 121, u =. 85. Later work by Born et al confirmed 
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REFLECTING 
LATTICE PLANES 
FIG. 10 The alignment of Molecular chains to form Hydrogen bonded 
networks. (After Bonart et all. 
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this structure although they did propose a revision of the 
dimensions of the lattice cell to give a more plausible value for 
crystal density. (169) 
Further work by Blackwell et al(170,171)considered the effect of 
diol length upon hard segment structure. Using elastomers prepared 
from the C2 - C8 homologous series of diols they found that two 
distinct structural groups appeared to be formed. Those polymers 
chain extended with diols containing an even number of CH2 groups 
(Butanediol, Hexanediol, Octanediol) crystallised in fully extended 
conformations (see Fig.llB(i» whilst in contrast those polymers 
chain extended with diols having an odd number of CH2 units 
(Ethylene Glycol, Propanediol, Heptanediol) adopted contracted 
conformations in which some gauche rotational angles are present in 
the diol section (see Fig.llB (ii) ). 
Blackwell et al suggested that even diol polymers adopt the lowest 
energy fully extended conformations to allow for hydrogen bonding 
in both directions perpendicular to the chain axis. However such 
a network would not be possible for the odd diol polymers since in 
the extended conformationC'= 0 bonds adjacent to the diol section 
would point in the same rather than the opposite direction and 
result in highly non-linear hydrogen bonds when the chains are 
r 
packed. They therefore take up con~cted higher energy conformations 
so as to form a more favourable hydrogen bonded network. These 
considerations led to the suggestion that hard segments are arranged 
as shown in (Fig.12). These models also allow for the off meridional' 
reflections that Blackwell found when looking at even diol chain 
extenders. Some corelation is also to be seen between these structures 
and the alternating nature of physical properties when odd and even 
diol chain extenders are employed in polyurethane synthesis (see 
later). 
In a more recent paper Blackwell and Lee have Shown that although 
these structures predominate in oriented annealed films other 
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(i) 
I 
( ii) 
! 
FlG.ll (A) Proposed model for the crystalline structure 
of poly (MDl/Butane Diol) hard segments and (B) 
Proposed contracted chain conformation for (i)poly 
(MDl/EthyleneDiol) and (ii) poly(MDl/Propane Diol hard 
segments. (After Blackwell et all. 
"l\ 
'/ 
(" I 
• (A) (B) 
FlG.12 Proposed contracted and Extended Hard Segment conformations 
to account for hydrogen bonding in (a) even diol and (b) 
odd diol Hard Segments (After Blackwell et all. 
- 40 -
polymorphic structures can be obtained depending upon the specimen 
history.(172)Contracted conformations have been observed for the 
butanediol and hexanediol polymers and an extended conformation 
has been proposed for the propanediol polymer. The developnent 
of these new crystalline structures was also accompanied by the 
appearance of new hard segment melting peaks {150-260b in the DSC 
traces. In.all cases contracted forms were found to have higher 
melting peaks than extended forms. 
The use of DSC analysis has played an important role in the 
elucidation of hard segment morphology. (165,175)Work by Seyrnour & 
Cooper has shown that in general three endotherms (denoted as I,ll 
& Ill) can be observed for untreated polyurethane samples at 
8 • " " temperatures of 60 - 0 C, 120 - 190 C, and above 200 C. These 
endotherms were attributed respectively with short range, long range, 
and microcrystalline ordering of hard segment ,domains. Annealing 
was considered to bring about an increase in order from 1-11-111. 
Hesketh et al have proposed schematic structures for these different 
types of ordering (see Fig.13).(174) In these model~ each hard segment 
is represented as being linear for simplicity but will in fact have 
a zig-zag conformation (re Blackwell & Gardner). It can also be 
seen that each hard segment domain has contained within it a 
distribution of hard segment lengths. This consideration was missing 
from all of the previous models so far discussed and it is now 
considered to be an important feature of segmented polyurethane 
elastomer morphology. (163)This new consideration has also been taken 
into account in the latest microdomain model to be proposed; that 
of Koberstein & Stein. (163) 
Using SAXS, Koberstein and Stein, showed that calculated electron 
density profiles for polyurethanes were in direct conflict with those 
observed and concluded that the extended chain conformations assumed 
in previous models were not realistic on entropic grounds. (cf: 
Fringed Micelle Theory) A more plausible explanation for the 
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FIG. 13 Schematic representation of degrees of hard segment domain 
order. (Broad line, hard segment; thin line, soft segment). 
(After Hesketh et al). 
(a) lesser ordered, non crystalline hard segment domains. 
(b) Greater ordered, non crystalline hard segment domains. 
(c) Microcrystalline hard segment domains. 
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observed electron density profiles was that the chains were able 
to turn back on themselves into the domains. 
By considering the structural schematics of the two hard segment 
repeat units they were using in their experiments (MDI/Butanediol; 
TDI/Ethylene Glycol) they were able to accomodate the idea of chain 
flexibility. (See Fig. 14) • Chain extenders are considered to be 
relatively flexible and are depicted as springs on either side of 
a rigid, chevron shaped, isocyanate unit. Coiled chains therefore 
become a possibility and allow models to be constructed. (see Fig. 15). 
For MDI/Butanediol polymers hard segment domains are aligned 
preferentially as a result of their symnetry. The longer hard segments 
are forced to fold back into the domain. Again the conformation of 
the hard segment chains is visualised as being that proposed by 
Blackwell & Gardner, with the exception that gauche sequences are 
included in the butanediol residue to allow for tight chain folding 
in the crystalline lamellae. In addition, accomodation of the short 
sequences in the domain leads to thin domains, essentially restricting 
the crystal lattice to two dimensions. In this respect the chains 
can be considered a more liquid-crystalline or perhaps paracrystalline 
order. 
For the TDI/Ethylene Glycol system a different morphology is schematically 
presented. The assymetry of the TD! residue inhibits ordering and 
subsequently does not produce significant chain alignment perpendicular 
to the domain. The conformation of the TDI/Ethylene Glycol sequence 
was therefore considered closer to that of an amorphous block copolymer 
although some ordering does exist owing to the specificity of the 
hydrogen bond interactions. 
Strong support for the model was claimed by Koberstein & Stein from 
the work of Carnberlin & Pascault.(17S)They had shown that the melting 
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MOl/BD 
FIG. 14 Schematic representations of the chemical structure and 
rigidity of MOl/Butane Diol and TDI/Ethylene Glyol hard 
segment repeat units. (After Koberstein & Stein). 
MOl/BD TOI/EG 
FIG. 15 Proposed two dimensional schematic intradomain ordering 
models for MOl/Butane Diol and TOI/Ethylene Glycol hard 
segments. (After Koberstein & Stein). 
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temperatures (Tadof MDI/Butanediol hard segments were highest where 
three MDI units were incorporated in the sequence. Above three units 
decreases in the Tm were noted. This was attributed to the occurrence 
of chain folding. It was also noted that the length of three MDI 
units corresponded well to the predicted thickness of the hard 
segment domain as determined by SAXS measurements. 
It has been shown that transparent polyurethanes based on aromatic 
isocyanates (TD! & MD!) have a two phase morphology(176) and therefore 
all of the models that have been discussed so far, are in the main, 
applicable to these materials, provided, that the size of any proposed 
structure is smaller than the wavelength of light so that scattering 
does not oc=. 
Specific work regarding the morphology of aliphatic transparent 
polyurethanes has only just begun to be published. Van Bogart et al 
in a series of papers077-9)have (using a wide variety of techniques) 
deduced the morphology of Polycaprolactone/HlZMDI/Butane diol urethanes. 
Comparisons against PolycaprolactGne/MDI/Butanediol elastorners have 
also been made. 
It was found that a well defined two phase microstructure existed and 
that the morphology of the extended MDI/Butanediol hard segment domains 
was that of cylindrical or parallelepiped-shaped crystal lites roughly 
• 40-60A in length and composed of chain folded MDI/Butanediol segments 
surrounded by amorphous hard segments. In comparison HIZMDI/Butanediol 
, . 
based materials exhibited hard segment domains 30-80A in size containing 
coiled, am9rphous HIZMDI/Butanediol segments. Analysis of SAXS data 
showed that the interfacial thicknesses in the MDI based materials 
• were in the range ZO-36A and for HIZMDI based materials in the range 
• 8-14A. Hard domains in the HIZMDI based materials were smaller than 
those in the corresponding MDI based materials. This was thought to 
be responsible for the greater ultimate tensile strength exhibited by 
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the aliphatic polyurethanes. 
As well as exhibiting structural heterogeneity on a molecular and 
domain level segmented polyurethanes are also thought to show this 
type of behaviour on a much larger scale involving spherulitic 
texture. From studies on crystalline polymers Wilkes proposed two 
models; 
1/ Hard Blocks are radially oriented and hard block lamellae 
extend tangentially. 
2Z. Hard Blocks are tangentially oriented and the lamellae grow 
radially. 
Whilst his results favoured the first of these ideas there is also 
evidence now available to support the second of these suggestions.(166) 
Finally, at the beginning of this section it was stated that the 
hard and soft segments of a polyurethane undergo microphase separation 
to form a domain structure. It has always been tacitly assumed that 
this microphase separation starts;from a homogeneous mixture of the 
monomers involved in the synthesis. Recently, however, workers have 
begun to examine the question of phase separation during polymerisation~180) 
Castro et al followed the amount of light transmitted by the sample, 
and the increase in viscosity of a reacting mixture of polyurethane 
monomers and suggested that at the onset of phase separation in the 
system the ntmtber average hard segment sequence length was 6:.1.3. 
Subsequent workers have found similar evidence, and models for phase 
separation during polymerisation are now being produced. Most recently 
Chen et alOSO)have shown that for some polyurethane systems (in this 
case a Polybutadiene/TDI/Butanediol mixture) because of the 
incompatibility of the reactants copolymerisation occurs from an 
initially heterogeneous mixture. The composition of the final product 
is controlled by the diffusion rates of species from one phase to 
another and the reaction rates between the different functional 
groups. The model 9hen et al proposed is shown in Fig.16. 
(a) 
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FIG. 16 Schematic models depicting the microstructure during polymerisation 
of a Polybutadiene/TDI/Butane Diol System at; 
(a) High Hard Segment content. 
(b) Low Hard Segment content. 
(c) Intermediate Hard Segment content. 
The left hand side of each figure shows a portion of a large 
~icron size Butane Diol drop. (After Chen et al). 
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At a high hard segment content (Fig.16(i» TDI endcapped polybutadiene 
molecules segregate to form spherical domains with TDI endgroups 
outside, Whilst free TDI molecules form a continuous phase surrounding 
these microdomains. On addition of the butanediol chain extender 
the reaction with free TDI, Which oc=s within the Butanediol 
droplet, will result in mostly hard segment rich molecules. The 
limited solubility of Butanediol in the Polybutadiene/TDI matrix 
causes only short hard segment sequences to form. 
At low hard segment content (Eig.16(ii» a similar sequence of events 
takes place only here it is the free TDI molecules Which form the 
microdomains and the TDI endcapped polybutadiene the continuous 
phase. Addition of the butanediol chain extender brings about short 
hard segment sequences in the polybutadiene/TDI matrix Whilst free 
TDI molecules will interdiffuse with the butanediol droplets to 
form regions of pure hard segment polymer. 
For intermediate hard segment content (Fig.16(iii» it was suggested 
that a bicontinuous structure forms. Endcapped polybutadiene and 
free TDI molecules will both have an opportunity to react with the 
butanediol in the butanediol droplets and with Butanediol dissolved 
in the polybutadiene/TDI phase. In this case approximately equal 
populations of long and short hard segment lengths would be found. 
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2.4 Structure Property Relationships 
The study of structure property relationships in Thermoplastic 
Polyurethanes has been the subject of numerous investigations(181-189) 
including the use of statistically designed experiments. (190) 
Most text books on polyurethanes carry a discussion on the 
subject. (31,142)It is now well appreciated that the physical 
properties of these materials are determined not only by the 
chemical structure of the hard and soft blocks but also by the 
degree of phase separation between them. (164) 
As a generalisation, the flexible soft block polyol primarily 
influences the elastic nature of the product and its low 
. temperature performance, whilst making important contributions 
towards hardness, tear strength, and modulus. The rigid hard 
block components particularly affect modulus, hardness, and 
tear strength and also determine the upper use temperature by 
their ability to remain associated at elevated temperatures. (31) 
2.4.1 Influence of Polyol Structure 
Phase mixing is greater in polyesterurethanes than polyetherurethanes 
because NH-Ester carbonyl hydrogen are stronger than Urethane 
NH-EtherOxygen bonds. 06S)Because of these weaker interchain 
forces polyetherurethanes have somewhat inferior physical properties; 
they do however possess a superior hydrolytic stability. 
Polycaprolactone polyesters are considered to be a good compromise 
since they allow for elastomers to be synthesised with both 
excellent physical properties and hydrolytic stability. Polybutadiene 
polyols also offer superior hydrolytic stability to polyesters but 
at the present time these materials give rise to.polymers with 
poor mechanical properties. (191) 
It has been shown that transparent polyurethanes can be synthesised 
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using either polyether or polyester glycols. (20,135)One of the 
problems in attaining transparency in polyurethanes is concerned 
with soft segment crystallisation. This is particularly true of 
Polycaprolactanes since they possess only a small repeat unit 
,~0(CH2)-5CO~, irL€O!!Iparison to other po1yo1 types. Crystallisation 
of the soft segment at room temperature is responsible not only 
for a loss of transparency but also for the deleterious phenomen9n 
of cold hardening. (165)This rarely occurs at block molecular 
weights of less than 2000 although shorter blocks may crystallise 
in some cases in strained materials. (165)In the cases of block 
molecular weight greater than 2000 soft segment crystallisation 
can be avoided by the use of copolyesters (or copolyethers) to 
provide structural irregularity. e.g. Polyethylene Adipate and 
Polypropylene Adipate have been used in a 70/30 ratio. (31) 
Unfortunately the physical properties of these elastomers are 
usually much poorer so that a compromise is often necessary 
between the required physical properties and the degree of cold 
hardening Which is acceptable. Guise and Smith(192)investigated 
a number of possible ways in which to inhibit crystallisation in 
Polycaprolactone polyurethanes. The blending of different molecular 
weights e.g. 2000 and 1250 had little effect, whilst replacements 
of 20% of Polycaprolactone by Polyphenylene Oxide did not prevent 
soft segment crystallisation but did reduce strength. Replacement 
with up to 25% polyethylene Adipate or Castor Oil was not successful 
either. 
Low temperature behaviour of polyurethane elastomers is primarily 
determined by the Tg of ·the soft blocks. This is influenced not 
only by the nature of the soft block (polyethers usually have lower 
Tg's than polyesters) but also by the degree of phase separation 
between hard and soft blocks. (164) 
In a study of polycaprolactone based polyurethane elastomers Seefried 
et al (181)showed that the Tg of the soft block shifted to higher 
temperatures as the molecular weight of the polycaprolactone decreased. 
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(see Table 4). This is indicative of the restriction of mobility 
upon the soft block as the phases become more compatible at these 
lower molecular weights. At higher molecular weights (Le.)2000) 
the Tg's show little change reflecting that here the two phases 
have become separated. The physical properties of these elastomers 
are also considerably influenced by the molecular weight of the 
soft segment. With increasing molecular weight (550-2000) 
Elongation at Break increases, whilst Hardness, Tear Strength 
and Modulus decrease. Ultimate Tensile Strength shows:an optimum 
between a molecular weight of 830 and 1250. Soft segment 
crystallisation also has an effect on some of these properties, 
notably tear. strength and modulus. 
Van Bogar~et al have studied the effect of soft segment molecular 
weight for a Polycaprolactone/H12MDI/l,4, Butanediol System.(177) 
It was found (see Table 5) that increasing the soft segment molecular 
weight at fixed hard segment length (Le. using a similar block ration) 
gave; 
1/ Materials with lower tensile strength. 
2/ Copolymers in which the amount of interfacial material relative 
to purer soft segment material decreased dramatically. 
3/ An increased tendency for soft segments to crystallise, especially 
at low hard segment content. 
4/ An increased tendency for the hard segment domains to be isolated 
in the soft segment matrix. 
Similar results were also reported when an aromatic isocyanate (MDI) 
was used. That at low hard segments (1/2/1 & 1/3/2) polyol molecular 
weights of 2000 gave crystalline opaque materials may be a result of 
these polymers being prepared by the one shot method. Wright and 
Roberts using the same formulations, but synthesising by the pre-
polymer route, produced flexible transparent polymers. (111,112) 
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Polycaprolactone diol molecular 
weight lin 340 530 830 1250 2100 3130 
Weiiht fraction MDI/BDO 0.63 0.53 0.43 0.32 0.22 0.16 
Polymer Physical Properties 
Hardness, Shore A 95 90 80 65 50 
100% Tensile .tr .... psi 2000 500 400 300 1000 
300% Tensile stress, psi 2500 1000 600 1500 
Tensi1e strength. psi 4000 6000 6000 5000 4500 
Ultimate elongation, % 250 400 500 600 700 
Graves teart pli 700 500 350 250 500 
Reduced viscosity, 300 e 
.-
DMF. 0.2 ildl 1.16 1.44 1.36 1.57. 1.57 0.98 
Glass Transition Temperatures, °C 
From G" 53 25 -10 -27 -40 -35(-45)' 
From tan 6 65 35 
-5 -20 -35 -20(-40)' 
• Values in parenthesis obtained from sample which was warmed and quenched in 
liquid nitrogen. 
TABLE 4. The effect of soft segment molecular weight upon the 
properties of polyurethanes prepared from Polycaprolactone/ 
MDI/l,4,Butane Diol at a 1/2/1 Molar ratio. (After Seefried 
et al). 
Hard Young's (v/<)100% (a/<)300% (a/<)50D% Ultimate 8egment modulus 11 elongation Sample (wt-%) (MPa) (MPa) (MPa) (MPa) break (%) 
HPCL 830-112 43 11.3 4.8 1.& 20.8 130 
HPCL 830-123 54 81.4 10.0 21.1 52.4 490 
HPCL 830-134 62 403 20.5 48.2 53.1 330 
HPCL 830-145 81 193 29.4 49.5 230 
HPCL 2000-112 24 11.0 2.4 5.3 1.3 1290 
HPCL 2000-123 33 &.4 3.1 6.1 28.1 &10 
HPCL 2000-134 40 16.0 4.4 &.& 41.2 720 
HPCL 2000-145 46 40.1 6.2 13.0 38.1 660 
HPCL 2000-118 56 197 12.3 25.5 44.8 490 
UPCL 830-112 42 18 4.2 6.6 21.3 100 
UPCL 830-123 53 68 10.1 22.7 ~ 42.8 520 
UPCL 830-134 61 110 20.2 42.2 280 
UPCL 830-145 88 470 29.& 43.9 220 
UPCL 830-178 76 1520 47.5 '51.5 150 
UPCL 2000-112 23 66 4.9 8.4 12.8 190 
UPCL 2000-123 32 43 4.0 1.1 1lI.9 820 
UPCL 2000-145 45 41 8.5 12.2 20.2 470 
UPCL 2000-178 51 450 12.7 24.1 36.3 470 
UPCL 2000-1/14/15 72 660 30.4 33.5 180 
TABLE 5. The tensile properties of the HPCL series (polycaprolactone/ 
H12MDI/l,4,Butane Diol) and the UPCL series (polycaprolactone/ 
MDI/l,4,Butane Diol of polyurethanes. (After Van Bogart et all. 
lJl 
N 
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2.4.2 Influence of Isocyanate Structure 
The structure of the isocyanate has been shown to exert a 
critical influence on the properties of polyurethanes. Seefried 
et al (183)investigated elastomers based on TDI and MDI and concluded 
that the symmetry of the diisocyanate structures Which form 
the hard segment is a dominant factor in determining the extent 
of phase segregation. Similarly Sung and Schneider(193)showed 
that transparent polyurethanes could be produced from 2,4, TDI but 
not 2,6,TDI since the former has greater steric hindrance 
capabilities as a result of isomerisation. As previously discussed, 
transparent elastomers produced from aromatic isocyanates yellow 
upon ageing. 
Aliphatic isocyanates, as well as possessing superior light stability 
have also been seen to show increased phase separation behaviour 
over aromatic isocyanates. Aitken & Jeffs(l94)showed that the Tg's 
of systems based upon lIDI, H12MDI & IPDI were lower than that of 
TDI & MDI systems. This was attributed to stronger hydrogen bonding 
being obtained in the hard block domains. 
Of the aliphatic isocyanates H12MDI & IPDI are now well established 
as being preferred for the production of transparent polyurethane 
elastomers. Transparency arises because of the presence of geometric 
isomers in these isocyanates. Typically IPDI is a mixture of 28% 
Trans and 72% Cis isomer(195)whilst H12MDI commonly contains 65% 
Cis-Trans, 30% Trans-Trans, and 5% Cis-Cis isome-l?s',.(see Fig.l7) 
In this formulation the H12MDI remains liquid at room temperature 
and therefore affords easier handling. (136)Syed has shown that H12 
MDI is capable of giving much better flexible polymers than is 
capable with IPDI, since the different reactivities of the two 
isocyanate groups in IPDI present problems of synthesis. (20) 
Byrne et al have investigated the effects of H12MDI isomers upon 
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FIG.17 The structural isomers of (a) Hl2MDI Isocyanate 
and (b) IPDI Isocyanate. 
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the properties of some transparent polyurethanes. (136)Having 
first separated the individual isomers by means of fractional 
crystallisation and distillation various isomer ratios were then 
prepared. (Trans-Trans/Cis-Trans/Cis-Cis;A:20/75/5; B:30/65/5 and 
C: 70/25/5/). Polymers were then synthesised using these various 
isomer ratios and it was found than an increase in Trans-Trans 
content of the polyurethane hard segment led to an increased 
rigidity of the material, a loss of transparency, and to significant 
changes in the mechanical properties. (see Table 6) It was 
suggested that this was a result of increased hydrogen bonding 
capabilities being provided by the trans-trans isomer. 
A number of workers have compared the properties of H12MDI 
elastomers against MDI elastaners. Van!1pgartet a:I 077-179) 
looked at polycaprolactone based polyurethanes chain extended with 
l,4,Butanediol and found that, but for the case of low hard segment 
content (where soft segment crystallinity plays an important role), 
elastomers based upon the aliphatic isocyanate generally had the 
more superior mechanical properties (see Table 5). Wright(lll) 
and Roberts(112)also showed a similar pattern of behaviour, as 
did Speckhard et al(196)with.polybutadiene based urethane elastomers. 
H12MDI based elastomers do not, however, possess as high a use 
temperature as those derived from MDI(197) 
2.4.3 Influence of Chain Extender 
The use of amine chain extenders is lmown to give much better 
physical properties than the use of diol chain extenders as a 
result of better phase separation being achieved. (165)Work carried 
out by Wright(lll)and Roberts(112)sh~ved that whilst transparent 
polyurethanes with excellent physical properties could be prepared 
using amine chain extenders they suffered the disadvantage of being 
distinctly coloured with strong yellow to orange tints. However, 
they also showed that clear materials which had an acceptable level 
of strength could be synthesised using diol and triol chain extenders. 
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Sample !lard Segment Isomer Content Appearance 
tr,:ans-tran.s e1,-tran.s C i!I-C is 
A 20 75 5 optically clear. flexible 
B 30 65 5 optically clear, flexible 
e 70 25 5 opaque, stiff 
Sample lOOS £Q2. 300 .!!29. 2QQ. Modulus Elongation 
A 468 804 1318 23H 3438 453 
B 609 1046 1590 2868 4095 490 
e 1014 1217 1501 1934 2879 4952 . ·615 
TABLE 6. The mechanical and optical properties of some polyurethane 
elastomers prepared from the geometric isomers of H12 . 
MDl. (After Byrne.et al). 
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More recently Byrne et ·al(135)have also reported that diol chain 
extenders give much better flexibility than amine chain extenders 
in transparent polyurethane elastomers. 
For polymers based upon H12MDI it has been shown that the isomer 
content of this isocyanate is important in determining which 
particular diol can be used if transparency and good physical 
properties are to be achieved.(93)For isocyanate mixtures low in 
trans-trans isomer (Le. < than 30%) reinforcing diols must be 
used. i.e. those having a relatively low molecular weight (C6or 
less) and a high degree of symmetry. Examples of reinforcing diels 
are 1,4, Butanediol, 1,2 Propanediol, and Ethylene Glycol. For 
isocyanate mixtures high in trans-trans isomer the reverse is 
true and non-reinforcing diols must be used e.g. 1,3, Butanediol. 
Roberts(112)investigated the effect of a series of diol chain 
extenders upon transparency and found that those polyurethanes 
which used the chain extenders 1,5, pentanediol and 1,6, Hexanediol 
showed better processing and transparency characteristics compared 
with 1,4, Butanediol formulations. Better physical properties and 
ballistics performance were also reported. Syed has shown that 
better transparency and physical properties can be obtained by use 
of diol blends. e.g. 1,4, Butanediol and 1,6, Hexanediol~20) 
The use of diol/triol blends e.g. 1,4, Butanediol/TriMethylol Propane 
also brought about better transparency. More recently Byrne et al 
have compared the use of 1,4, Butanediol/Ethylene Glycol and 
1,4, Butanediol /TriMethylol Propane blends against 1,4, Butanediol 
as chain extension agents. (198)Both the blended systems produced 
softer materials with no deleterious effect on transparency; 
However, poorer physical properties were recorded. 
The use of triols (such as TriMethylol Propane) in a formulation 
introduces crosslinking into an elastomer and consequently they 
lose their ability to be processed by thermoplastic techniques. 
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Guise and Srnith(192)100king at the use of diol/Triol blends 
in polycaprolactone based urethanes showed that increased 
crosslink density slightly raised the modulus and hardness, but 
reduced the tensile strength and elongation, of their materials. 
Polycaprolactone triols were preferred to TriMethylol Propane 
for better transparency. 
In a series of papers Minoura et al have investigated the use of 
aliphatic, aromatic, aralkyl, and alicyclic diols upon the 
properties of Polybutadiene based Urethanes. (187-9)It was found 
for aliphatic diols that the physical prqpertIes showed an 
alternatingcdependenceupon .the number of Methylene carbons in· the 
ma.in chain (see Fig. 18). This zig-zagging of properties is thought 
to be a result of differences in packing bringing about changes 
in hydrogen bonding capabilities. A s:imilar pattern of behaviour 
has also_:been recorded for diamine chain extenders. (31) 
Aromatic diols, because of their bulky and relatively inflexible 
unit were found to give tougher elastomers than the aliphatic diols. 
However these polymers had processing problems because of high 
mel ting points as well as problems of prolonged =ing time and 
high compression set. The use of aralkyl and alicyclic diols 
(Which have an aliphatic activity and a quasi-aromatic structure) 
does help solve these problems to some extent since these diols 
have slightly lower melting points. Lower hardness materials 
with increased elongation at break are also obtained. 
Wong et al have also compared aromatic'and aliphatic diol chain 
extenders and detailed similar results to Minoura. (15l)However, 
they do report lower compression set values for the aromatic chain 
extender (HQEE) they employed in their systems. Wong et al also 
studied the effect of using a diol/triol blend (75/25) and found 
that softer materials with similar tensile values, reduced elongation 
at break, and much improved compression set were obtained. (see Table 7). 
FIG.lS 
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The effect of the number of methylene carbon atoms 
in a chain extender upon (a) Hardness (b) Tensile 
Strength (c) Elongation at Break (d) 100% Modulus 
and (e) Tear Strength (After Minoura et al) 
COMP~ciSITION: . 
Prepolymer - PAG : Diisocyanate at 1 2 
Extender - 95% Theoretical 
Diisocyanates 
Dl1socyanate, % 
NCO Content, % 
Dabco 33LV, % 
PROPERTIES: 
Density, g/ml 
Shore Hardness: 
·A 
D 
Stress, MPs: 
At 100% Elongation 
At 300% Elongation 
Tensile Strength 
Elonga tion, % 
Tear Resistance, KN/m: 
Graves 
Split 
Bsshore Rebound, C 
Compression Set, % 
(70oC, 22 Hrs.) 
MDI 
19.01 
3.31 
0.025 
1.21 
55 
15 
2.08 
3.64 
32.70 
591 
47.8 
18.7 
39 
57 
14-BD 
PPDI 
13.06 
3.56 
0.013 
1.16 
80 
30 
4.10 
7.57 
37.21 
822 
82.5 
60.8 
46 
65 
CHDI MDI 
13.48 18.26· 
3.54 3.31 
0.025 0.024 
1.13 1.25 
80 ·82 
30 
.. 
33 
5.83 4.73 
11.15 9.20 
29.87 34.65 
713 590 
94.6 74.0 
71.6 36.4 
48 42 
56 36 
HQEE TMP/l 4-BD 
PPDI CHDI MDI PPDI CHDI 
12.51 12.92 19.01 13.06 13.48 
3.56 3.54 3.31 3.56 3.54 
0.0l2 0'.024 0.025 0.025 0.025 
1.16 1.14 1.19 1.13 1.11 
84 86 55 67 78 
36 35 15 20 28 
5.59 7.61 1.72 2.63 4.40 
11.33 15.13 3.18 4.24 9.27 
43.29 28.70 27.94 39.68 38.56 
730 635 577 698 720 
93.5 68.6 38.2 49.0 78.6 
58.7 47.1 11.6 30.5 45.4 
48 51 26 38 48 
21 33 12 12 33 
TABLE 7. The influence of chain extender upon the properties of SO!JE cast elastO!JErs 
based upon Polyester Adipate Glycol. (1/2/1 reaction rati?'. (After Wong et all. 
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2.4.4 Influence of Hard Segment Content 
The previous sections have shown how po1yo1 molecular weight, 
isocyanate structure, and choice of chain extender can influence 
not only mechanical properties but also transparency. Another factor 
Which can exert considerable influence on properties is the quantity 
of the hard segment present in a polymer since this will determine 
the extent of phase separation from the soft segment. Commonly 
changes in hard segment content are brought about by changing the 
reaction ratio but changing the soft segment molecular weight at a 
particular reaction ratio will have a similar effect. 
Zdraha1a et a1 in a study of po1yether based MDI e1astomers showed 
that increasing the hard segment content from 20-80% brought about 
an increase in Hardness, Modulus, Tensile Strength, and Tear Strength 
Whilst Elongation at Break decreased. (184)A1ong with evidence from 
Thermal Analysis techniques it was concluded that at about 65% 
hard segment an inversion, or possibly a mixing of the continuous 
phases in the polyurethanes took place. This change altered the 
nature of the polyurethane from a tough elastomeric material to a 
more brittle, high modulus, plastic. 
Seefried et a1 have shown that the soft segment molecular weight is 
important in influencing any effect increasing hard segment content 
might bring about. (182)Working with a po1ycapro1actone/MDI/l,4, , 
Butanedio1 System he showed that for a molecular weight of 830 
increasing the hard segment content (by changing the reaction ratio 
from 1/-2/1- - 1/8/7) brought about an increase in Hardness, Modulus, and 
glass transition temperature, "hilst Tensile Strength and Elongation 
at Break reduced. (see Table 8). This behaviour was considered to 
be the typical response of an increasingly compatible polymer system. 
In contrast, when using a molecular weight of 2000 it was found that 
increasing the hard segment content (1/2/1 - 1/20/19) brought about 
changes in properties Which are similar to those observed for partially 
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Mole ratio of pep diol/MDI/BDO 1/2/1 1/3/2 1/5/4 1/8/7 
Weight fraction MDI/BDO 0.42 0.52 0.66 0.76 
Polymer Physical Properties 
Hardness, Shore D 40 50 70 80 
100% Tensile stress, psi 800 3000 
300% Tensile stress, psi 2500 
Tensile strength, psi 6000 5000 1500 1000 
Ultimate elongation, % 400 300 30 5 
Die C tear. pH 800 1500 300 
Glass Transition Temp., "C 
. From 0" 
-10 8 24 50 
From tan /j 
-5 15 40 63 
TABLE 8. The properties of sane thermoplastic polyurethane 
elastaners based on 830 Mol. Wt. polycaprolactone. 
(After Seefried et all. 
Mole ratio or pcp 1/15/ DioI/MOl/BOO 1/2/1 1/3/2 1/4/3 1/5/4 1/6/5 1/8/7 1/10/9 14 Weie:ht traction MOl/BOO 0.22 0.31 0.38 0.43 0.49 0.56 0.61 0.70 
Polymer Physical Properties 
JUrdnesa 
Shore A 65 85 90 95 
Shore 0 30 40 45 55 60 60 
100% Tensile stress, psi 300 600 1000 2000 2fiOO 5500 
300% 't:ensile stress, psi 600 1000 2000 3500 5000 
Tensile strength, psi 5000 5000 7500 7000 6500 6000 3000 
Ultimate elongation, % 600 600 500 450 350 150 25 
Die Clear, pJi 250 400 500 600 750 1000 1200 
Glass Transition Temp., ~C 
From 0" 
-40 -40 
-32 -30 -30 -30 -30 +30 
From lan " 
-35 -30 
-23 -]7 -14 -5 +30 +55 
TABLE 9. The properties of sane thermoplastic polyurethane 
elastorners based on 2000 Mol. Wt. polycaprolactone. 
(After Seefried et all. 
1/20/ 
19 
0.76 I 
I 
! 
+30 
+65 
- 63 -
crystalline systems (see Table 9). The effect of increasing hard 
segment content upon transparency was not recorded. 
Van Bogart et al,(177)in a similar investigation, on polycaprolactone 
/HI2MDI or MDI/l,4, Butanediol systems showed that the effects of 
increasing hard segment content at a constant soft segment molecular 
weight were; 
1/ increased crystallinity 
2/ increased hard segment crystalline melting point due to the thicker 
lamellae possible with larger hard segments. 
3/ increased tendency of the materials to form a morphology with 
a hard segment matrix and isolated soft segment domains. 
4/ increased interfacial area. 
At a soft segment molecular weight of 830 increasing the hard 
segment content leads to a large amount of phase mixed material, 
Whereas for the 2000 molecular weight soft segment materials there 
is little noticeable effect on phase mixing because the ratio of 
phase mixed or interfacial material to purer soft segment material 
is much less. Similar trends in physical properties to those already 
discussed were seen. ( see TableS'). 
Wright(lll)and Roberts(112) have also investigated the. effect of 
increasing hard segment content upon a Polycaprolactone/H12MDI/ 
1,4, Butanediol system.\larying the block ratio. from 1/2/1 ~ 1/13/12 
brought about an increase in hardness from 30 BS·to 99 BS· , 
improved tensile strength from 1.3 to 27.9 MPa and a fall in 
elongation from 770 to 45%. Those materials of a low block ratio 
were flexible and transparent, whilst those of a high block ratio 
were tough, rigid, and transparent. The polymer based on a block 
ratio of 1/13/12 was a very brittle and opaque material as a result 
of hard segment crystallisation. Ageing tests that were carried 
out suggested that variations in reaction ratio did not appear to 
be particularly significant. 
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2.5. Processing 
Thermoplastic polyurethanes can be processed by most of the 
common fabrication methods including Injection Moulding, Calendering, 
Extrusion etc. Of these methods it had been anticipated that any 
face masks produced would be made by Injection Moulding. Guidelines 
for the injection moulding of thermoplastic polyurethanes are 
readily available. It is suggested that a screw type injection 
moulding machine with a LID ratio of 18:1 - 24:1 be used since 
this provides for a more unifonn melt. It is :important that 
materials are dry otherwise problems of sticking, flow lines, poor 
surface finish, and voids may arise. Guidelines for processing 
with transparent polyurethanes are at this time somewhat limited 
since it is only very recently that any work has been carried out 
with these materials. 
Syed showed that polyurethanes based on polycaprolactone/H12MDI/ 
and a variety of chain extenders could be processed by Injection 
Moulding (see Table 10 for conditions). Melt temperatures of uI> 
to 190'C could be used without discolouration or polymer deterioration 
More recently De Lucca(199,200)using a polyether based resin (Mobay 
Chemical Corporation MD8SA) looked at the effect of processing 
variables (Melt Temperature, Mould Temperature, Injection Speed etc) 
to see Which, if any, affected optical quality (see Table 11 
for conditions). The responses measured were Haze (PH) ,ll.nninous 
transmittance (PLT) and Line of Sight Deviation (LOSD).PH aoo PLT 
are standard techniques used with transparent materials Whilst LOSD 
is a new method developed by the ~IR Force Aerospace Medical Research 
Laboratory (AFAMRL) in the United States. It is claimed to be a 
much improved technique over conventional methods for measuring 
transparency. The mould used for the experiments was made from 420 
stainless steel Which was considered ideal for optical finish and 
the resin included 0.1% Camuba Wax Which was to act as an interns 1 
release agent. The resin was dried for 18 hours at 190·C prior to 
.------- --- .. _--
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BARREL TEMPERATURE l55/l70/l80/l90'C 
INJECTION PRESSURE 1300 psi 
INJECTION TIME 6 secs 
HOLD ON PRESSURE 150 psi 
HOLD ON TIME 9 secs 
COOLING TIME 40 secs 
MOULD TEMPERATURE Ambient 
SCREW SPEED 80 rpn 
TABLE 10: Typical Conditions used by Syed in his experiments 
(Machine used was a Bipel reciprocating screw Injection 
Mould Machine). 
Minimum Value Maximum Value 
INJECTION SPEED 0.5 10.0 
MELT TEMPERATURE 400'F (20s-C) 450'F (232°C) 
M:lULD TEMPERATURE 73°F (23'C) 130°F (554 C) 
INJECTION PRESSURE 4000 psi 9000 psi 
SCREW SPEED 30 60 
CUSHION SIZE o gms 15 gms 
BACK PRESSURE o psi 55 psi 
CYCLE TIME 47 secs 180 secs 
TABLE 11 : Maximum and Minimum conditions used by DeLuca in his 
experiments. Machines used were; 
(a) 150 ton Lester Injection Mould Machine. 140z Styrene 
capacity. 
(b) 100 ton Reed Prentice Injection Mould Machine. Styrene 
capacity, plus Connair hopper dryers. 
- 66 -
being used for moulding. It was found that greater than 40 hours 
drying produced degradation in the polyme~ (yellowing) whilst 
drying for less than 8 hours produced voids and air bubbles in 
the moulded product making it appear opaque. Moisture in the 
resin was thought to be responsible for parts sticking to the 
mould (which would then deform on opening) and also for excessive 
nozzle drool. 
In the first part of the investigation De Lucca using conventional 
experimental techniques (i.e. varying one parameter at a time) 
found that each of the parameters investigated was found to have 
same effect on at least one of the optical responses measured. A 
statistical analysis of the data collected also showed interaction 
among the processing variables indicating that simultaneous control 
of the parameters is required. It was also found that the use of . 
a microprocessor controlled machine gave improved quality parts. 
On the basis of this first part of the investigation three parameters 
- those which had the largest effect on the responses measured and 
for affected more than one response - were chosen for study. These 
were Injection Speed, Melt Temperature, and Mould Temperature. In 
this second part of the investigation De Lucca used an augmented 
factorial design experiment to determine the relationship between 
the significant parameters and their effect on optical quality. The 
results are shown in Table 12. 
It was found that the chosen processing parameters had a varying 
influence upon the optical responses measured. There ·wasa trade. off 
among the parameters providing the best transmittance with those of 
haze and line of Sight Deviation. Alternatively a low value of 
haze would decrease the luminous transmittance and increase the line 
of sight deviation. 
De Lucca concluded that processing parameters in Injection Moulding 
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do have a definite effect on the optical quality of transparent 
polyurethanes. Accurate temperature control, moisture free 
starting materials, and good quality moulds are also important 
factors. However, he felt that before a set of processing 
parameters could be selected to yield a given set of optical 
responses a judgement of the relative value of the measured optical 
properties must be made. 
RESPONSE PARAMETER AFFECfIOO 
MEASURED RESPONSE RESULTS 
Luninous I. Melt Temperature An increase in melt temperature brought about a reduction in PLT. Possibly a 
Transmittance result of more release agent diffusing out at elevated temperatures. (PLT) 
2. Injection Speed An increase in injection sided brought about on increase in PLT. A more rapid 
entry of material into mou d meant a more unifonn mel t temperature. This produces 
a more unifonn surface and consequently there is less light scattering and higher 
PLT values." ' 
3. Melt Temperature Interaction of these two parameters brought about an 
& Injection Speed for same reason above (2) increase in PLT. Probably 
• 
Haze 1. Melt Temperature An increase in melt temperature brought about an increase in PH. With higher 
(PH) temperatures more release agent is released and this becomes deposited on the 
surface. 
2. Mould Temperature An increase in mould temperature brought about an increase in PH. A higher 
temperature produces a more irregular surface. ~is scatters incident light and 
results in increased haze. 
3. Melt Temperature 
& Injection Speed Interact,ion of these two parameters brought about decrease in PlI. Higher fluidity of melt produces a better finish so less light scattering brings a reduction in 
haze • 
... . 
-- -.. 
4. Mould Temperature Interaction of these two parameters brought about an increase in PH. Higher mould 
& Injection Speed temperature and Injection Speeds. producing surface imperfections which cause 
increased light scattering and therefore increased haze. 
Line of Sight 1. Injection Speed A slow injection speed brought about the presence of flow lines causing a 
Deviation reduction in LOSD. (WSD) , 
TABLE 12. A summary of the r~su1ts obtained by DeLucca in his experiments showing the effect of processing 
variables (in injection moulding) upon the different optical responses measured. 
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3.0 PERMEATION 
3.1 Introduction 
Polymers have been used extensively over the years as protective 
permeation barriers in the form of coatings, films, or moulded 
layers. (201 1Nith the increasingly widespread use of polymers the 
practical significance of their permeability and diffusion 
. h k h . CW2)Qr' . 11 propert~es as ta en on a rouc greater ~rtance. ~g~na y 
polymer films were ·employed as barriers to the transmission of 
gases, vapours, and liquids, and were looked upon simply as a 
means for isolating an object from its surroundings. However 
from research work it soon became evident that no polymeric film 
is completely impervious to its surroundings and that only a 
. (203 20q) temporary protect~on, at least, could be afforded. ' 
Polymer films (or membranes) can be considered to be either 
permeable, semi-permeable (i.e. permeable to some materials but 
not others) or permselective (i.e. permeable to different extents 
to different molecular species under equal driving forces). 
Further more membranes can be either homogeneous or heterogeneous. 
Most are heterogeneous in nature for a number of reasons including 
molecular orientation during the manufacturing process, the 
presence of fillers, additives, voids etc. 
As a result of this more detailed understanding of polymer membranes 
highly sophisticated applications are being found for these 
materials including; 
1/ Desalination of Sea Water by reverse osmosis. 
2/ Preparation of moisture 'breathable' plastic films as 
leather substitutes. 
3/ Precise separations of roulticomponent penetrant mixtures. 
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4/ Artificial kidney and lung components. 
3.2 Permeation Mechanisms 
As previously mentioned no polymeric material forms a complete 
barrier to the movement of gas or vapour molecules. This is 
due to a combination of three structural features of the 
t . 1 (201,205) ma er~a ; 
1/ Pin Hole Defects 
2/ Porosity 
3/ Intermolecular Space 
Broadly speaking, permeation of a polymer is the transport of 
a liquid or gas through it. It is generally agreed that there 
are two main mechanisms by which this can happen; namely convective 
diffusion and activated diffusion. (202) In the convective mechanism, 
under the influence of a pressure differential the permeant is 
forced through the pre-existing pores of the barrier material; 
the film then being described as porous. In the activated mechanism 
the barrier material has no pre-existing pores through which a 
pressure differential could force the permeant and so a process 
of solution (or absorption) and diffusion occurs i.e. Permeation. 
Very thin polymer films are usually both porous and permeable 
but whereas the effect of porosity can usually be eliminated by 
the use of a thicker film, true permeability cannot be eliminated 
in this way; although the rate of permeation will be reduced. 
Thus for polymers activated diffusion is the most commonly 
operating mechanism. 
Permeation by activated diffusion can itself be considered to 
be.a three step process. 
1/ The permeating molecule. is adsorbed at the surface of the 
membrane and dissolved in it. 
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2/ The permeating molecule. diffuses within the membrane. 
3/ The permeating molecule desorbs at the outgoing surface 
of the membrane. 
Exactly how a molecule diffuses through a polymer has been the 
subject of much discussion. (Z02)Originally Barrer viewed it as 
the result of fluctuating thennal energy in polymers. When the 
local energy is sufficiently high, the diffusing molecules can 
move or jump between the polymer chains by cooperative motions 
with them. However this view has given way to the free volume 
theory, an approach taken by several workers and which is 
d ' d ' d '1 1 wh (202 ,20~) Th 1 ' l.scusse m great etal. e se ere. e conmon me 
of reasoning shared by various versions of this theory is that 
diffusion does not oc= just as a result of an activation in 
. the ordinary sense but rather as a result of the redistribution 
of free volume within the polymer. 
3.3 Theoretical Considerations 
The permeability of a polymer is governed by the extent to which 
the permeant dissolves and diffuses in the polymer. (201,206.) 
i.e. 
P = D. S 
where P, D, and S are the permeability, diffusion, and solubility 
constants respectively. 
Classical diffusion of gases is based upon Fick's law which 
states that; 
J = - D be 
&x 
where J is the flux (Le. the amount of gas diffusing through 
unit area in unit time), D is the diffusion coefficient, and 
~C is the concentration gradient across a thickness x. 
SX 
The diffusion coefficient (D) depends on temperature which has 
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been shown to exhibit an Arrhenius relationship 
D = Do exp (-ED/ RT) 
where Do = a pre-exponential constant. 
ED = the activation energy. 
R ~ the universal gas constant. 
T = temperature. 
The activation energy for diffusion is associated with the amount 
of energy required for hole formation against the cohesive energy 
forces of the polymer chains plus the energy needed to actually 
force the molecule through the polymer matrix. The pre-exponential 
term Do can be related to the number of holes of looseness of the 
polymer structure in the presence of penetrant. 
Fickian diffusion behaviour is evidenced by a linear relationship 
between the absorption (or desorption) of penetrant and the square 
root of the time of diffusion. Rates of absorption and desorption 
are equal and no net gain or. loss of penetrant occurs. 
It has been found, however, that not all diffusion behaviour can 
be described in terms of Fickian Laws. (206)Non Fickian diffusion 
behaviour (also called Case II Diffusion) has been shown to exist 
in polymers; 
1/ Below Tg 
2/ Above Tg in crosslinked and crystalline polymers. 
This anomalous behaviour is evidenced by significant deviations 
from the previously described linear relationship exhibited by 
Fickian diffusion. The rates of absorption and desor~tion are 
not equal in non-fickian diffusion. 
The solubility of a substance in a polymer is generally expressed 
in terms of its solubility coefficient (5) and can be defined 
as the concentration of the permeant in the membrane divided by 
its concentration or pressure in the phase that is in equilibrium 
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with the membrane. As in the case of the Diffusion Coefficient 
the Solubility Coefficient is also dependent upon temperature 
and concentration. 
The basic fact therefore remains that the permeability of a 
polymer is not a fundamental property; it is dependent on both 
diffusion and solubility characteristics and these in turn can 
vary independently under different conditions. 
3.4 Experimental Measurement 
In practice it is the permeability coefficient, rather than the 
solubility or diffusion constants Which must be known, since it 
is this Which gives a measure of the protection offered by the 
polymer. (20l)Basically two methods are employed experimentally 
for its determination. 
1/ Transmission Methods i.e. Where two sections of a chamber 
are separated by the polymer to be tested and a concentration 
gradient of the permeant is applied across the membrane. A wide 
variety of methods e.g. Gas Chromatography, Manornetry, Radioactive 
Tracers/have been used to determine the amount of permeant passing 
through a polymer. 
2/ Sorption-Desorption Methods i.e. Where samples are rapidly 
brought into a liquid of known activity and from the rate of sorption, 
desorption, and the equilibrium sorption values P, S, and D can 
then be calculated. 
Permeabilities measured by these two methods agree only When sorption 
and diffusion of the permeant are ideal. In several instances due 
to phenornenonological aspects of the permeation e.g. interaction) 
clustering the transmission methods have been preferred over the 
sorption-desorption methods. Much more detailed reviews of experimental 
techniques are given elsewhere. (201-205) 
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3.5 Factors affecting permeability 
As will have become obvious from the preceding sections there 
are a large number of factors which can greatly affect the 
permeability performance of a polymer. Some of these, such 
as Pressure, Tempebature, varying nature of permeant have no 
bearing on this research programme and as such are considered 
no further. Detailed reviews have however been given by a number (201-205) . 
of authors. There are some parameters, part~cularly 
those affecting the morphology of a polymer, in which we are 
greatly interested and these will be discussed further. 
1/ Chain Stiffness: This is affected by chain interactions 
such as hydrogen bonding, dipole-dipOle, and Van der Waals 
forces. With an increase in the number of interactive groups 
per unit chain segment length the degree of attraction increases 
while the segmental mobility decreases, arid therefore, the 
permeation rate decreases. 
2/ Crystallinity: It has been shown for many polymers that 
crystallinity can markedly reduce permeability. This is for a 
number of reasons. Firstly crystalline regions themselves are 
less accessible for sorption due to their more ordered nature, 
and secondly crystalline regions have restraining effects on local 
chain segmental motions in adjoining non-crystalline regions. 
Also because of these impermeable regions permeant molecules will 
be required to take a more tortuous path before desorption. 
3/ Presence of Fillers: Fillers in the form of small particles 
of different shapes (both crystalline and amorphous) are an 
important ingredient of many polymers. As such it can significantly 
modify sorption and permeability to diffusants. A filler may provide 
an extensive interface and if this is not completely wetted by the 
polymer adsorption of diffusants can occur on the filler. Thisis 
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especially noticeable when porous carbon or silica gel particles 
constitute the filler. 
4/ Cross Linking: VUlcanisation of rubber which involves formation 
of cross links and the introduction of cc:mbined sulphur groups has 
been shown to have a pronounced decreasing effect on permeability. 
It is believed that cross linking reduces the free volume available 
in a polymer. 
5/ Plasticisers: The presence of an added plasticiser enhances the 
local chain segmental mobility of a polymer leading to lower glass 
transition temperatures and a higher permeability coefficient. It has 
been shown that absorbed vapours e.g. water vapour can have a plasticising 
effect on polymer films. 
3.6. Polyurethanes 
There have been a very limited number of studies carried out with 
concern to polyurethane membranes. (Z07-Z14)A wide variety of measurement 
techniques, using penetrants such as water, or water vapour, and simple 
gases have been employed, in an attempt to gain both knowledge of 
transport behaviour and polymer morphology. 
One of the first studies to be carried out was that by Reegen and 
Frisch(Z07)who looked at the effect of various swelling and degrading 
environments upon polyurethane films. They found that moisture 
resistance increased with increasing crosslink density, and that the 
type of both polyol and isocyanate used could markedly influence 
behaviour. An isocyanate.of high aromstic content (e.g. MDl or PAPI) 
was preferred, whilst those containing Benzyl groups (e.g. XD!) were 
seen to exhibit a poor resistance to humid ageing. Solvent resistance, 
in this case that of Methylene Chloride, was also found to increase 
with a higher crosslink density. However, it was unaffected by the 
type of isocyanate used although reduced in the presence of a large 
excess. (130 and above are the isocyanate index). 
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Schneider et a1, working for the AMMRC at Watertown, carried 
out studies to determine the mechanism of water vapour transport 
in e1astomeric polyurethanes. (20S)His interest stemmed from a 
search for polymers which could find use as physiologically 
comfortable barrier films for various civilian and military 
applications. Polyurethanes, belonging to the relatively small 
class of materials which offer appreciable moisture vapour 
transmission rates (MVTR) were considered to be possible solutions 
to the problem. 
Samples composed of either polyester or po1yether (2000 Mol. Wt.) 
MDI/1,4, BDO, in a mole ratio of 1/3.2/2 were tested. It was 
found that with one exception (Poly Ethylene Oxide) water solubi1ities 
were nearly identical, whilst water permeabi1ities differed markedly. 
This behaviour could not be explained, as is often the case, on the 
basis of water solubi1ities and Tg values. Schneider et a1 suggested 
that there was in fact to be seen an interplay ofa wide variety of 
factors. 
In the less swollen polyester and po1yether type urethanes it was 
found that water clustering played a msjor role in determining the 
sorption and desorption behaviour i.e. water molecules which dissolve 
in the polymer being able to re-establish a large portion of the 
hydrogen bonding and polar interactions which occur in the liquid. 
For the po1 yether polyurethanes there were, however, other 
considerations which needed to be taken into account to explain 
their behaviour. These msteria1s (Po1yTetra Methylene Oxide in 
particular) had shown Diffusion Constants and permeability rates 
much lower than expected. This was attributed to two causes; 
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lIThe presence of a more developed domain structure which 
acts as an impermeable filler and thereby increases the path 
for diffusion. 
21 The inaccuracy of the universal constants in the WLF equation 
for use in determining diffusion constants for polyurethanes. 
It was suggested (though not verified) that an Arrhenius type 
dependence might be more appropriate in depicting the permeatioO 
behaviour of polyurethanes. 
The high level of ,swelling found with the Poly Ethylene Oxide 
polymer was thought to be the result of specific interactions 
between the water and the ether functions in the polyol backbone. 
At this higher level of swelling the Diffusion Constant appeared 
to increase despite the pronounced level of water clustering. 
In a later paper Schneider et al investigated a wide range of 
membrane thicknesses <0.7 to 27511) to see if surface c})roperties 
played a prominent role in transmission behaviour. 'fO .. \ He also 
considered the effect of using different solvents and different 
substrates in the preparation of films. However, no significant 
differences in permeability resulted from these variations. 
Ziegel studied. the permeation behaviour of four commercial 
thermoplastic polyurethanes towards some simple gases (Hydrogen, 
Oxygen, Helium, Argon, and Nitrogen) using a gas flow technique. (419) 
His results showed that, with the possible exception of Helium 
the gases penetrated more rapidly though the polyether based 
materials. This was found to be consistent with Tg and bulk density 
measurements which suggested greater free volume in these polymers. 
Typical gas flow curves are shown in fig.19. For the larger size 
• 
molecules (i.e. >2.I:jA) the curves appear to be the sum of two 
individusl gas flow patterns and this was thought to be the result 
of the two phase nature of the barrier. The soft or flexible 
FIG.19 
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phase having a higher diffusion coefficient would achieve a constant 
gradient earlier than the hard or rigid phase; hard phase diffusion 
would arrive at a later point in time and have an additive effect. 
The absence of sensitivity of the s~aller gases towards this two 
phase mrphology was thought to be the result of the penetrants 
being below the critical size needed to discriminate between local 
order in the hard and soft phases. 
By graphically decomposing the gas flow curves into their 
individual responses Ziegel was able to qualify the contributions 
made to penneation behaviour by both the soft segment (D1,) and 
hard segment phases (D2) Values for Dl/D2 of between 1.64 and 
10.72 were obtained. These were somewhat lower than expected 
considering the widely separated Tg's of the two phases. 
Chen et al investigated the transparent behaviour of both salt 
and water through polyurethane in an attempt to find a suitable 
candidate membrane for use in desalination by reverse oSlOClsis. an) 
In this work changes in hydrophilicity of the soft segment were 
brought about by using various ratios of Poly-Ethylene Oxide) 
(PEO) and Poly Propylene Oxide (PPQ) polyols. This enabled an 
, .- .·r 
optimum for water penneation and salt rejection to be determined. 
Swelling experiments showed that water sorption (V
w
) increased 
with both increasing PEO content and increasing polyol mlecular 
weight. Subsequent swelling and penneation experiments of a series 
of polyurethanes whose hard segment content remained constant whilst 
the PEO/PPO ratio decreased showed; a decrease in -
1/ Water absorption (Vw) 
2/ Water penneation (Pw) 
3/ Salt penneation (Ps) 
Ratios for Pw/p were between 10 and 20 and were considered too 
s 
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low to be of interest for reverse osmosis. 
Chen: et al also showed that the nature of the chain extender 
could influence the values of Vw. Pw. and Ps. The results are 
shown in Table 13. In a later Ph.d thesis one of Cherls co-
workers. Chang. investigated this finding. (212) 
For phenyldiamine changes in the position of the amine, group 
causes changes both in symmetry and hydrogen bonding capabilities. 
which in turn. greatly influence domain fonnation. Where domain 
fonnation was found to be poor Vw was seen to be high and ,it was 
proposed by Chang that this was a result of individual hard 
segments being available for hydrogen bonding with water molecules. 
The highest Vw value was given by diaminodiphenyl-methane. a 
flexible diamine. giving very poor domain fonnation. It was 
further proposed that in addition to an increased hydrogen bonding 
capacity that this diamine produced flexible and bulky hard segments 
with a large free volume which would contribute significantly to 
the high Vw. 
One anomalous result to this theory was provided by the chain extender 
Benzidine which had both good domain formation and a high Vw. It 
was thought that in this case isolated hard segments might have 
created a larger free volume than would nonnally have been expected 
thereby compensating for the domain fonnation and giving a high 
result. 
McBride et al using a flow technique studied the diffusion of some 
simple gases (Oxygen. Carbon Dioxide. and Hydrogen) through block 
copolymers. (223)The magnitude of diffusivity (D) was seen to be 
sensitive to each of the parameters investigated. A decrease in 
D occurred with: 
1/ An increase in aromatic content 
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Poly. Intrinsic Water. Tensile Young's Elong .... P. X 
mer viscosity, abscrp- strength, modulus, tion at P. X 10", lOT 
no. dl/g iiOD, % psi psi break, % cm'/sec cm'/sec 
25 0.328 44.7 840 1250 620 
26 0.658 61.5 570 520 690 5.04 
27 0.350 36.2 2230 1020 750 2.17 
32 0.434 76.5 650 470 910 6.48 
33 0.958 78.0 1050 380 1070 7.82 
TABLE 13. The influence of Chain Extender upon Vw (Water 
Absorption), Pw (Water Permeation) and Ps (Salt 
Permeation). (After Chen et all. 
Note. Polymer No 25 = rn-Phenyldiamine 
No 26 = O-Phenyldiamine 
No 27 = p-Phenyldiamine 
No 32 = Benzidine 
No 33 = Diaminodiphenyl-rnethane 
3.08 
1.72 
3.97 
8.76 
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2/ An increase in penetrant size 
·3/ A change from polyester to polyether 
4/ A decrease in soft segment length 
That polyester urethanes gave higher diffusion coefficients that 
polyether urethanes opposes the findings of Ziegel. McBride 
et al did however agree with Ziegel in considering that measure-
ments reflected a contribution from both hard and soft phases of 
the polyurethane and that, in considering the respective Tg's 
the magnitude of the hard domain diffusion coefficient (Db) would 
at room temperatures be low compared to the soft domain diffusion 
coefficient (Ds). No values for Dh/Ds were given. 
In general an arrhenius type relationship was seen to exist for 
the system studied. However in many cases, over a certain small 
temperature range, a discontinuity appeared so that the data was 
best represented by two straight lines (see Fig 20). This 
discontinuity was found to be related to the onset of the glass 
transition in the hard segments. As Tg is approached the system 
becomes less restricted and the diffusion process undergoes a 
modification so that the hard domains are able to make a greater 
contribution. 
A linear relationship was also shown to exist between MDI content 
and the diffusion coefficient albeit over a very limited range of 
28 to 38%. By extrapolation McBride . et al estimated the soft 
segment diffusivity (Ds) in the absence of hard domains. Ds was 
seen to increase with increasing temperature. Arrhenius plots 
of this data allowed for the calculation of the pre-exponential 
factor and the activation energy for the various systems studied, 
and it was concluded from this evidence that hard segments acted 
in a similar role to chemical crosslinks, by restraining soft 
segment chains. 
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FIG.20 Put Arrhenius plot for oxygen diffusion through sane 
polyether polyurethane membranes (of varying hard segment 
contents) showing a discontinuity in the hard segment-
glass transition region (After McBride·et all 
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Finally, in an as yet unpublished piece of work, Schneider et 
al have looked at the effect of various solvents on the swelling 
and diffusion behaviour of a typical commercial polyurethane.(2l4) 
A series of non-hydrogen bonding solvents was used representing 
a gradual increase in polarity (which it was suggested would 
bring about increasing interaction with hard segments). 
For the series of solvents used it was found that the Flory-Rhener 
equation appeared to be capable of giving a surprisingly good 
account of solubility, and that when a reasonable assumption 
regarding the degree of phase mixing was made, the values for 
the molecular weight between crosslinks (Mc) were quite realistic. 
It was found that the apparent value of Mc became larger when 
the hard segment also undergoes swelling (i.e. with increased 
solvent polarity). 
Diffusion behaviour was somewhat more complex and displayed various 
types of anomaly. For 'n' heptane, a non-polar solvent, completely 
#ickian behaviour was observed. Here sorption was confined 
entirely to the soft phase. The introduction of polarity into the 
solvent (i.e. the use of the chloroalkanes) brought about, !itlOWldliU 
in sorption and desorption behaviour which could not be explained. 
Schneider et al suggest this may be the result of interaction with 
the hard segment phase, and that a behaviour formally similar to 
that observed in glassy polymers may be responsible for the anomalous 
results. It was also anticipated that additional complications may 
result from the heterogeneous nature of polyurethanes, and that 
these would have to be considered in any likely suitable explanation. 
His work on this subject continues. 
3.( Chemical Warfare Agents 
Polymers are used extensivly in military equipment and therefore it 
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is important to determine which can tolerate exposure to the wide 
variety of chemicals which may be encountered in the field. Whilst 
it is known that work involving polymers and chemical warfare 
agents has been carried out (Rose, for example, cites the 
University of Texas working with VX Agents but gives no further 
details), it is perhaps not too surprising, given the confidential 
nature of the work, that there is very little published data to be 
found. Recently, however, the United States Goverrunent has 
declassified two documents which give details of some of the 
research that has been carried out on this subject. (215,216.) 
Historically the need arose during the latter stage of the second 
world war for a commercially available material, preferably plastic, 
to protect both equipment and personnel from liquid chemical warfare 
agents. The plastic films which appeared most satisfactory at this 
time were of the regenerated cellulose type (cellophane). These 
films later proved deficient in permeability, durability, and 
protective ability under adverse climatic conditions (arctic, 
desert, and tl"o_~icli~. As a result new films, film laminates, and 
treated papers were tested to find a suitable polymeric material. 
What was required from a properties point· of view was a polymer 
which had impermeability to toxic agents, was lightweight, transparent, 
and effective under all climatic conditions. Further more it had 
to be readily available. Many grades and thicknesses of material 
were evaluated and a summary of the results is shown in Table 14. 
It was concluded that Mylar A (a polyester), Nylon, Saran (PVOC) 
and polyeth, le,tfilm were considered to give the best overall 
protection to personnel and material when tested under cycle climatic 
conditions and slirrulated liquid chemical warfare agents. Later tests' 
carried out in February 1953 on individual protective covers showed 
Mylar. A to be the best polymer for the job in question. However 
because of its limited commercial availability Mylar A was rejected 
and Saran covers were designed as a substitute. 
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CHEMICAL WAAFAAE AGENT 
I'OLYMER Liquid llistard Eutectic- . Liquid (GA) & 
(HD) Lewisite (GB) Agents l tt CZ.H4)>-g. llistard (L) . 
Regenerated 
Cellulose >19 & 1275 mins >5 Se 30 !Dins 
(Cellophane) Unsatisfactory Unsatisfactory Unsatisfactory 
Cellulose 
Acetate 2 mins >2 Se 5 !Dins 
(Ce1anese) Unsatisfactory Unsatisfactory Unsatisfactory 
PVC 
(Koroseal, 
Ve1on, etc) Unsatisfactory Unsatisfactory Unsatisfactory 
PVDC (Saran) >16 & 119 mins >31 & 162 mins 1440 !Dins 
Unsatisfactory Unsatisfactory Satisfactory 
Po1yethy1ene 
(Polythene) >3 & 81 mins >20 & 162 mins >5 & >1440 mins 
Unsatisfactory Unsatisfactory Satisfactory 
Polyamide 
>363 & > l440ntiru (Nylon) 10 mins >275 & >1440mins 
Satisfactory Unsatisfactory Satisfactory 
Rubber 
Hydrochloride 
(Pliofilm) Unsatisfactory Unsatisfactory Unsatisfactory 
Polyester 
Resin >1440 mins >1440 mins >1440 !Dins 
(Mylarl Satisfactory Satisfactory Satisfactory 
TABLE 14. The effect of Liquid Mustard (HD), Eutectic-Lewisite 
Must~rd (L), Tabun (GA) and Saran (GB) upon various 
polymers. (After Rose & Rune11i). 
~------------------------------------------- . 
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Work of a more current nature has been recently declassified 
and, being 30 years after the previous work mentioned above, 
means that it was able to consider the large number of new polymers 
Which have been developed during that time. (Z16)This includes 
materials such as PTFE, Polycarbonate, and Polychlorotri-
Fluoroethy lene. 
Selected plastics were tested for compatibility with both chemical 
warfare agents and their breakdown products, and all purpose 
decontaminants and their breakdown products, under worse case 
conditions. Evaluation was carried out using a total immersion 
technique (ASTM D471) for periods of I, 6, and 24 hours at 
temperatures of 25, 35, and 50·C. Changes in Weight, Thickness, 
Integrity, and appearance were recorded and as a result each 
polymer was given a rating in line with the following system; 
RATING 
5 Plastic dissolved completely or plasticised to a liquid gel 
4 Plastic did not dissolve completely 
3 3 categories affected 
2 2" " 
I 1 category affected 
o No change 
Results for the effect of MUstard Gas (HO) and results for all tests 
solvents are shown in Table 15 and 16. Tests were performed in 
triplicate and quantitative changes in thickness or weight exceeding 
3 standard deviations were deemed significant. Changes -of less than 
5% were deemed slight. 
The results show that Polystyrene, Polycarbonate, PVC, and Cellulose 
Acetate are extremely incompatible with heavy mustard contamination. 
This was rationalised as being due to their similar solubility 
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POLYMER APPEARANCE 
Teflon (TFE) NC 
Teflon (FEP) NC 
Aclar NC 
(Polychlorotri 
Fluoroethylene) 
Kynar 'fumed 
(PblyVinylidene Hazier 
Fluoride) 
Halar NC 
(Ethylenechloro 
trifluoro 
Ethylene) 
Polyethylene NC 
PVC 'fumed white 
(PolyVinyl yellow 
Chloridel 
Mylar NC 
(Polyethylene 
Glycol 
Terephthalate) 
Lexan 'fumed white 
(Polycarbonatel 
Cellulose 'fumed light 
Acetate yellow 
Polystyrene DIS 
NC = No Change 
NM = Not Measured 
DIS = Dissolved 
(a) = 3 Standard deviations 
INTEGRITY 
NC 
NC 
NC 
NC 
NC 
NC 
Swollen, 
split, 
Impressible 
NC· 
Split 
fragile 
Swollen, 
curled, 
impreSSible 
DIS 
TIlICKNESS WEIGIIT 
+1.33'%. (a) NC 
+1. on 
NC -0.62'%. 
+0. 54'%. 
NC NC 
+3.63'%. +2. 00'%. 
+2.04% +1.38'%. 
NC NC 
NC +2.23'%. 
+1.17% 
NM +180.13'%. 
+0.90'%. 
NC 
.. 
+2.70% 
+0.90'%. 
NM +45.89'%. 
+1.08'%. 
+81.3'%. +102.98'%. 
+1.02% +1.02% 
DIS DIS 
TABLE 15. The effect of Mustard Gas upon various polymers 
(24 hrs @ 50·C). (After Albizo et all. 
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Test Solvents and number of categorical changes (a) Polymer 
!ID TG EMPA DIP DIPS DS-2 Hl'II TCE 
TFE Is 0 0 0 0 0 0 Is 
FEP Is 0 0 0 2s 0 Is 2s 
Aclar 0 0 0 0 Is 2 Is 4 
Kynar 3s 0 0 0 Is 1 0 Is 
Halar 0 0 0 0 0 NI' NI' NI' 
Polyethylene Is 0 0 1 2 0 2s 3 
PVC 4 0 0 3 Is 3 2s 4 
Mylar Is 0 0 0 0 3 2s Is 
, 
.. 
Lexan 4 0 0 2 0 5 2s 4 
Cellulose 4 3 Is 0 Is 3 4 3 
Acetate 
Polystyrene 5 0 0 5 5 Is 3s 5 
PMMA NI' NI' NI' NI' NI' 2 3s 2s 
a = Changes in appearance, integrity, thickness or weight. S = Slight change. 
RATnx; 
5 - Plastic dissolved completely or plasticesed to a liquid gel 
4 - Did not dissolve completely 
3·- 3 category changes 
2 - 2 category changes 
1 - 1 category change 
NI' = Not Tested 
!ID = lfustard Gas 
TG = Thiodiglycol 
EMPA = Ethyl Methyl Phosphonic Acid 
DIP = Diisopropylamine ethyl mercapton 
DIPS = Diisopropylamine ethyl disulphide 
DS-2 = All purpose decontaminant 
MTH = 10% Calcium Hypcchlorite 
TCE ,= TetraChloroEthylene 
TABLE 16. The c~atibility of plastics with Mustard (HD), 
Thiodiglycol, VX Hydrolysis products DS-2, HTH and 
Tetrachloroethylene. (After Albizo et all. 
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parameters. The observation that Cellulose Acetate was the only 
plastic incompatible with Thiodiglycol emphasised the radical 
change in the solvent properties of a molecule such as mustard 
gas (HO) When two chlorine atoms are displaced by hydroxyl groups. 
The resultant highly polar thiodiglycol molecules can only effect 
the most polar plastics (preferably those with many strong dipoles 
Which can function as electrostatic donors to Hydrogen bonds). 
Cellulose Acetate had the greatest concentration of such dipoles 
in the group of polymers studied. 
The British Government has also carried out research work regarding 
chemical warfare agents and their effects on polymers. These 
reports are restricted. However, Porton Dawn were prepared to 
release the Penetration Times and Blot Off figures for some of the 
more common polymers they have investigated. These are detailed in 
Table 17. (217) 
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Polymer '920 Blot Off 
(Mins) m 
Silicone 
Rubber 4 15 
NaOlral 
Rubber 44 34 
EPCM Rubber 60 62 
Polychloroprene 90 0 
auorinated 
Polyethylene 132 0 
Nitrile Rubber 180 NIA 
.. 
PolyEpichlcro 
Hydrin 540 10 
(lIc!mpol ymer) 
Butyl Rubber >2880 83 
auorinated >2880 85 Butyl Rubber 
Brcmi.nated 
>2880 Butyl Rubber 85 
Fluorinated 
Rubber (Viton) >2880 96 
920 D Penetration Time' for a 0.020" thick sample 
Blot Off = Percentage remaining on surface after 6 hours 
NI A - Not Available 
TABLE 17. The Penetration Time (mins) and Blot Off 
value (% recovered after 6 hours) of some 
common polymers. (from CDE Porton Down). 
- 92 -
4.0 EXPERIMENTAL 
4.1 Synthesis of Polyurethanes. 
4.1.1 Raw Materials 
Work by Syed has shown that flexible transparent polyurethanes 
possessing satisfactory physical properties could be synthesised 
from Polycaprolactane, H12MDI, and a wide variety of chain extenders. (20) 
Of these the Ministry of Defence were particularly interested in two 
formulations; one a thermoset (CAPA 220/H12MDI/14BDO & !MP; 1/3/2) 
and one a thermoplastic (CAPA 220(H1,2MDI/.MiXe9 Diol.Chain Extender; 
1/3/2). It was therefore decided to use these formulations as a basis 
for this research investigation. 
Polycaprolactone polyols are most suitable because they form 
. polyurethanes of high strength with good hydrolytic stability. Their 
disadvantage is that since they possess only a single repeat unit 
-0(CH2)5CO- they are prone to crystallisation when hard segment content 
is low. They are available in a variety of molecular weights from 
550 to 4000. 
H12MDI was chosen as the isocyanate because, first, it is aliphatic 
and will therefore have good ageing properties, and secondly, it too 
is capable of giving rise to high strength polymers. Flexibility is 
also easily achieved as a result of the CH2 linkage between the two 
saturated aromatic rings. Being aliphatic does mean that the H12MDI 
has .a low reactivity but by using a suitable reaction temperature a 
catalyst is not required. This is desirable since it means that 
no possible contribution from this source can be made to any degradation. 
Aliphatic Diols such as 1,4, Butanediol and 1,6, Hexanediol are the 
most suitable chain extension agents for transparent thermoplastic 
polyurethanes based upon H12MDI. Amines could not be considered 
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because of their tendency to produce yellowed products. Tr:im:thylol 
Propsane either by itself, or in a blend with a diol, is a suitable 
crosslinking agent for the production of thermoset polyurethanes. 
4.1.2 Stoichiometry 
In the preparation of transparent polyurethanes the term 'block 
ratio' is used throughout as the basis of indicating the stoichiometric 
proportion of startingiinaterials. For example a polyurethane based 
on a 1/3/2 block ratio signifies the stoichiometric equivalent 
weight ratio by which the polyo1, the diisocyanate, and the chain 
extender are respectively reacted to give the final products. A 
typical calculation for the production of a thermoplastic polyurethane 
is shown below: 
MATERIAL MOLECULAR EQUIVALENT BLOCK AMOUNT 
WEIGIIT WEIGIIT RATIO REQUIRED(grns ) 
CAPA 220 (Po1ycaprolactone).2000 1000 1 1000(100) 
Desmodur W (H12MDI) 262 131 3 393 (39.3) 
1,4,Butane Diol 90 45 2 90. (9) 
Therefore 1000 gms of CAPA 220 when reacted with 393 grns of Desmodur W 
and chain extended with 90 gms of 1,4,Butane Diol will produce a 
linear thermoplastic polymer. This amount of material is rather a lot 
to use in the laboratory so the formulation would be scaled down by 
a factor of ten to give a more easily handled batch size. (Shown in 
brackets) • 
For a thermoset material a typical formulation would be: 
MATERIAL MOLECULAR EQUIVALENT BLOCK AMOUNT 
WEIGIIT WEIGIIT RATIO REQUIRED (gms) 
CAPA 220 (Polycaprolactone)2000 1000 1 1000 (100) 
Desmodur W (H12MDI) 262 131 3 393 (39.3) 
1,4,Butane Diol 90 45 1 45 (4.5) 
TMP 134.18 44.7 1 44.7 (4.47) 
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It must be remembered that Whereas in the thermoplastic formulation 
all the materials are difunctional and their equivalent weights can 
be obtained by dividing the molecular weight by two, the Trimethylol 
Propane crosslinking agent used in the thermoset formulation is 
trifunctional, 'and therefore requires its molecular weight to be 
divided by three to obtain the correct equivalent weight. 
In the above calculations the polyols are given as having an exact 
molecular weight of 2000. Although manufacturers do supply polyols 
denoting they have a molecular weight of 1000, or 2000, this is, in 
practice, very rarely the case and so fQr the purposes of maintaining 
a correct stoichiometry in the calculation their:exact molecular 
weight, (and therefore equivalent weight) needs to be determined. 
This is done by making use of their hydroxyl number. A hydroxyl 
number is defind as I the number of milliweights (or milligrams) of 
Potassium Hyd~de equivalent to the active functions (hydroxyl 
content) of 1 gm of the compound or polymer"; 
HYDROXYL NUMBER = 56100 
Equivalent 
(56100 = Molecular weight of Potassium Hydroxide expressed in 
milligrams) • 
Therefore if analysis!!of the polyol indicates that the hydroxyl 
number is 48.3 then : 
Equivalent Weight = 56100 = 1162 
48.3 
This value is then substituted into the previous calculations as 
follows; 
MATERIAL EQUIVALENT 
WEIGHT 
(CAPA2Z0) Polycaprolactone 1162 
Desmodur W (H1ZMDI) 131 
1,4, Butane Diol 45 
BLOCK 
RATIO 
1 
3 
2 
AMOUNT 
REQUIRED (grns) 
1162 (116.2) 
393 (39.3) 
90 (9) 
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So now 1162 grog of CAPA 220 needs to be reacted with 393 grog of 
Desmodur Wand chain extended with 90 grog of 1,4, Butane Diol to 
ensure a completely linear thermoplastic. The thermoset calculation 
is also modified in the same manner. 
Polycaprolactones of varying molecular weight were used in the 
synthesis work and examples of their typical hydroxyl nt.mlbers and 
calculated equivalent weight are shown in Table 18. Hydroxyl values 
as supplied by the manufacturers were taken as a basis for use in the 
synthesis programne. It can be seen that only small differences exist 
between asst.mJed and calculated values for the molecular weights of 
the polycaprolactones. 
4.1.3 Laboratory production 
Polyurethanes were prepared in the laboratory using the method 
developed by Syed. This is a prepolymer technique and involves the 
following procedure; 
1/ The required amount of polyol was placed in a five necked reaction 
vessel of 250 ml capacity having been degassed under vacUt.ml for not 
less than one hour at 100 - 10S·C. 
2/ Pre-warrned diisocyanate was then added dropwise into the reaction 
vessel with continuous stirring. 
3/ To complete the reaction the contents were stirred and heated for 
I-I! hours at l30·C while a steady flow of dry nitrogen was passed 
continuously through the apparatus. 
4/ After completion of the pre-polymer preparation the contents were 
• degassed and cooled to 100 C. 
5/ The previously dried chain extender was then added with vigorous 
stirring until the polymer melt became clear. 
5/ The polymer melt was again degassed under vacUt.ml before being 
finally cast onto pre-heated Alt.mJinit.ml trays. Curing conditions were 
16 - 18 hours at l20·C followed by a post cure of one week at ambient 
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MATERIAL SOLD AS OH VALUE CALCULATED CALCUlATED 
MOL.wr. EOUIV. wr .. MOL.wr. 
~A 200 550 205.6 272.9 545.8 
~A 205 830 135.8 413.1 826.2 
~A 210 1000 113.9 492.5 995 
~A 215 1250 89.8 624.7 1249.2 
~A 220 2000 56.5 992.9 1995.8 
~A 231 3000 37.9 1480.2 2960.4 
~A 240 4000 28.6 1961.5 3922 
TABLE 18. Equivalent and Molecular Weights as calculated 
from OH Values for Laporte polycaprolactanes. 
(,. 
\ ' I, '". :~ 
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temperatures. The aluminium trays were sprayed with 'Ambersil' 
Polyurethane release agent to ensure that no sticking occurred. 
Generally it was found that transparent polyurethanes were produced 
When the polyol involved in the synthesis had a molecular weight of 
2000 or less. Polyol molecular weights of greater than 2000 
resulted in opaque materials being obtained as a consequence of soft 
segment crystallisation. There were two exceptions to this rule 
(AG44 : Capa 220/H12MDI/l,4,BDO; 1/4/3 and AG66 : Capa 220/H12MDI/ 
Mixed Diol; 1/2/1) and the reasons for this are discussed later. 
4.1.4 Synthesis programme 
Nine series of polyurethanes were prepared and these have been labelled 
with the letters A to 1. Each particular series contains seven melnbers 
with each number corresponding to a different molecular weight of a 
pol ycapro1actone (550, 830, 1000, .1250.,2000,3000 & 4000). 
H12MDI was used throughout the entire synthesis programme. The effect 
of using different block ratios, different chain extenders, blended 
po1ycaprolactones, and the introduction of crosslinking (with either 
IMP or excess isocyanate) were investigated. The nine series were as 
follows; 
SERIES BLOCK RATIO CHAIN EXTENDER SYSTEM 
LETTER 
A 1/3/2 1,4, Butane Dio1 
B 1/3/1+1 1,4, Butane Diol & 1,6 
Hexane Diol 
C 1/3/1+1 1,4, Butane Diol & 'IMP 
D 2/6/1+1+2 1,4, Butane Diol;1,6 
Hexane Diol & 'IMP 
E 1/2/1 1,4, Butane Dio1 
F 1/4/3 1,4, Butane Dio1 
* G 1+1/6/4 1,4, Butane Diol 
H 1/3.6/2 1,4, Butane Dio1 
I 2/4/1+1 1,4, Butane Diol & 1,6 
Hexane Diol 
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* Series G uses a blended polycaprolactone system of 50% 2000 molecular 
weight and 50% of an alternative molecular weight. ego 2000/830; 
2000/1000; etc. 
The individual members of each series, their code letters, and their 
hard segment contents are given in Table 19. The method used for the 
calculation of Hard Segment content is given in Appendix A and a 
complete list of the chemical weights used is given in Appendix B. 
By preparing these nine series of polymers the following areas of 
investigation were looked at; 
1/ The effect of Soft Segment molecular weight 
2/ The effect of Hard Segment content 
3/ The effect of using a mixed diol chain extender 
4/ The effect of crosslinking (by TriMethylol Propane or excess 
isocyanate) 
5/ The effect of using a mixed molecular weight polyol system 
4.1.5 Sample preparation 
Using the formulations discussed in the previous section between 
150 and 200 gms of material were synthesised. This gave enough 
material to prepare a sheet of approximately 200 x 200 x 2rnm for 
physical and analytical testing, and also for a sheet of approximately 
100 x 100 x 0.5mm for permeability testing. Whilst the large sheet 
could be easily prepared by casting into a polished aluminium tray 
which had been coated with release agent the thin sheet of polyurethane 
had to be prepared by a very different technique. 
Essentially this consisted of casting the polymer on to a heated PTFE 
sheet, allowing the material to gel, and then squeezing the excess out 
with the use of another PTFE sheet and 'G' clamps. Glass plates 3mm 
thick were placed on the outside of the PTFE sheets to ensure than an 
even thickness was obtained (see Fig 21). This technique although 
SERIES A: 
SERIES B: 
SERIES C: 
SERIES D: 
POLYMER 
roDE 
AG72 
AG 19 
AG1 
AG 26 
AG2 
AG3 
AG4 
AG 75 
AG 20 
AG6 
AG 27 
AG9 
AG8 
AG7 
AG 76 
AG 21 
AGlO 
AG 28 
AG 12 
AGll 
AG 13 
AG77 
AG 22 
AG 14 
AG 29 
AG 17 
AG 15 
AG 16 
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M"lL.wr.OF 
POLYOL 
550 
830 
1000 
1250 
2000 
3000 
4000 
550 
830 
1000 
1250 
2000 
3000 
4000 
550 
830 
1000 
1250 
2000 
3000 
4000 
550 
830 
1000 
1250 
2000 
3000 
4000 
ISOCYANATE/ 
CHAIN EXTENDER SYSTEM 
1REAcrION RATIO) 
H12MDI/1.4.BDO (1/3/2) 
H12MDI/l.4.BDO & 1.6.HDO 0/3/1+1) 
H12MDI/l.4.BDO & TMP 0/3/1+1) 
H12MDI/l.4.BDO.l.6.HDO. & (TMP (2/6/1+1+2) 
TABLE 19. 'The individual members of the Series A - D 
Polyurethanes. 
SERIES E: 
SERIES F: 
SERIES G: 
SERIES H: 
POLYMER 
CXJDE 
AG 41 
AG 43 
AG 37 
AG 42 
AG 40 
AG38 
AG 39 
AG 7, 
AG48 
AG 45 
AG 50 
AG 46 
AG44 
AG 49 
AG 78 
AG 53 
AG 55 
AG 56 
AG2 
AG 51 
AG54 
AG 79 
AG 62 
AG 60 
AG 57 
AG 58 
AG 63 
AG 59 
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H:lL.Wf. OF 
FOLYOL 
550 
830 
1000 
1250 
2000 
3000 
4000 
550 
830 
1000 
1250 
2000 
3000 
4000 
2000/550 
2000/830 
2000/1000 
2000/1250 
2000 
2000/3000 
2000/4000 
550 
830 
1000 
1250 
2000 
3000 
4000 
ISOCYANATE/ 
CHAIN EXTENDER SYSTEM (REACTION RATIO) 
H12MDI/l.4.BDO(I/2/1) 
HI2MDI/l.4.BDO (1/4/3) 
H12MDI/l.4.BDO(I+1/6/4) 
HI2MDI/l.4.BDO(I/3.6/2) 
TABLE 19. Cont. The individual members of the Series 
E-H Polyurethanes. 
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POLYMER MOL.WT.OF ISOCYANATE/ 
roDE POLYOL CHAIN EXTENDER SYSTEM 
lREAcrION RATIO) 
SERIES I: 
AG 80 550 
AG 68 830 
AG 69 1000 H12MDI/1,4,BDO & l,6,HOD AG 65 1250 (2/4/1+1) 
AG 66 2000 
AG 70 3000 
AG71 4000 
TABLE 19. Cont. The individual members of the 
Series I Polyurethanes. 
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. MaterIal cast 
onto mould 
Meta l spacer.--..~ .... -.-......,,-,--,-....-......,_t~"""'-'-""-"""'--T-,--f/IIII! 
10 thou thIck 
PLAN 
Clamp 
Clamp 
---
---
Ca) 
MaterIal leFt For 
IS mlns to gel 
+ 
--
--
--
Cb) 
--
--
--
Cc) 
Clamp 
Clamp 
... 
PTFE sheet 
Glass sheet 
Excess materIal 
squ~ezed out 
FIG.21 The casting technique employed in producing thin sheets for 
permeation testing. 
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successful, in that it produced adequate samples for testing series 
A - E had a drawback in that it did not always work. Frequently it 
would take six or seven attempts to produce one good sample, as more 
often than not the sheet produced would contain too many voids for 
accurate permeation testing. It was therefore replaced by a 
moulding technique. 
The moulding technique used the same principle as the casting technique 
with samples being produced between PTFE sheets. However, instead of 
glass plates, polished steel plates of a similar thickness (3mm) were 
used to ensure an even thickness sample was produced. By using a 
steam heated compression moulding press in Which samples could be 
heated, moulded, and cooled under pressure, thin sheets could be 
obtained in approximately 20 minutes. It was necessary to cool the 
polyurethane under pressure because otherwise the samples would tear 
on removal fran the mould. Ambersil polyurethane release agent was-
again used to help facilitate removal of the thin sheets. This 
technique was not only much quicker but it was also much more reliable 
and samPles for all the thermoplastic materials were produced in this 
manner. Thermoset polyurethanes however could not be compression-
moulded. 
The moulding conditions employed for the production of thin sheets 
were 4 minutes at 170·C and 5000 psi pressure ; a blank of 10-15gms 
weight was used throughout. Variations in moulding time, temperature, 
and pressure were investigated to see if these parameters had any 
effect upon permeation performance. The only disadvantage of this 
method, apart from not being suitable for thermoset materials, is that 
with repeated use the PTFE sheets tended to thin out and so had to 
be replaced if even thickness polyurethane samples were to be moulded. 
This was done approximately every 20 mouldings. Attempts to obtain 
thicker sheets of PTFE which might have helped with this problem proved 
unsuccessful as suppliers were unable to provide PTFE which had a 
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surface which was free from scratches. Scratches would have seriously 
prejudiced any permeation testing. 
4.1.6 Large scale production 
Although the production of between 150 and 200 gms of polyurethane 
in the laboratory is enough to suffice for physical testing and 
characterisation studies, a much larger amount of material was 
required for injection moulding trials. In conjunction with the 
Victor Wolfe Cornpany,West Sleekburn, Northumberland, scale up work 
to produce batches of either 5 or 10 kg was carried out. This work 
used the polymer AG2 (Capa 220/H12MDI/l,4,BDO;1/3/2) which it had 
been determined from the research work, was the most suitable candidate 
for a face mask material. 
The method of synthesis used was essentially the sam: as that which, 
had been employed in the laboratory (i.e. the' production of a prepolymer 
at 130·C followed by chain extension at 100·C) with two slight 
modifications. 
1/ It was not possible to dry large quantities of either polyol or 
diol by the use of a vacuum pump. To determine if these materials 
were suitably free from water use was made of the Karl Fischer'test. 
Results of 0.05% water content were taken as acceptable values for both 
polyol and diol. 
2/ It was felt that because of the much larger quantitie's of material 
now being produced that the use of a release agent may not have provided 
enough protection against mould sticking. The :aluminium trays were 
therefore lined with an adhesive backed PTFE cloth. This proved to be 
a most suitable release medium. 
Altogether three batches of AG2 thermoplastic polyurethane (1 x 10kg; 
2 x 5kg) were synthesised and no problems were encountered. For 
injection moulding purposes the material was cut into strips and then 
granulated. Granules were placed into thick polythene bags and stored 
in tins containing silica gel. 
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4.2. Permeation Testing 
4.2.1 Method 
Permeation testing was carried out at CDE Porton Down to determine 
the resistance of the synthesised polyurethanes to Mustard Gas. 
A full synopsis of the test method is given in Appendix C. 
Basically two tests were carried out. The first, the SD test, 
measured the time to the detectable penetration of Mustard Gas, 
normally vapour, from applied liquid droplets using a specially 
prepared detector paper Which is sensitive to less than O.Spg of 
Mustard Gas vapour. Results are standardised to a thickness of 
0.020 inches (920 value). The second test, the Blot off test, 
is needed to determine the degree to Which materials may absorb 
liquid chemical warfare agent. The amount of free liquid that 
can be removed by blotting the sample with filter paper, at a 
selected time interval after contamination is determined. (for 
polyurethanes an interval of 30 minutes was used). Results are 
expressed as the percentage of material recovered and are the 
average of three tests. 
Samples for permeation testing were prepared as previously described 
(see section 4.1.S) For the purposes of identification cast 
specimens carried only the polymer code ego AG2, Whereas moulded 
specimens were suffixed with letter 'M'. ego AG2M. On occasions 
some of the samples sent to Porton Down were found to be too thick 
to yield 920 values, and had to be retested. As a consequence some 
of the materials have six readings from Which the average Blot off 
figure is determined. Actual testing was usually carried out within 
six months of sample preparation. 
Testing of the samples can be split into three sections as follows; 
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1/ Cast Samples 
These were prepared for series A to E and allowed the following 
to be investigated; 
a) The Effect of Reaction Ratio (1/2/1 vs 1/3/2) 
b) The Effect of Mixed Dio1 Chain Extender (for 1/3/2 only) 
c) The Effect of Cross-Linking with IMP. (for Dio1 and Mixed Diol 
chain extenders). 
2/ Moulded Samples 
These were prepared for'series A, B, and E to I inclusive and allowed 
the following to be investigated; 
a) The Effect of Reaction Ratio (1/2/1 vs 1/4/3NS 1/3/2) 
b) The Effect of Mixed Diol Chain Extender (1/2/1/ and 1/3/2) 
c) The Effect of Cross-Linking with excess Isocyanate (1/3.6/2) 
d) The Effect of using a mixed polyol system 
3/ Moulded Samples 
Effect of fabrication conditions. 
a) The Effect of Moulding time (1 - 8 mins) 
b) The Effect of Moulding Temperature (115 - 176°C) 
c) The Effect of Moulding Pressure (5000 - 9000 psi) 
The results for all the samples are shown in Tables 20 - 24. Each 
table shows the thickness of the sample tested, the actual penetration 
time, the calculated 920 value, the three (or six) Blot Off figures 
and their average value. Figures in the parentheses represent 
Standard Deviations. A natural rubber canpound - (CDE 1378) and a 
Butyl Rubber compound (CDE-BUTYL) were used as control materials. 
Graphs for the results from sections A and B have also been constructed 
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POLYMER nllCl<NESS PrnE'lRATICIf 920 H.mm: OFF IFSr 
t TIME (Hins) (1 Recovered 
(inches) (Hins) after 30 !Dins) 
a) SERIES A 1/3/2 Diol 
AG72 (;»)0) - - - -
AG19 (830) - - - -
AGl (1000) 0.017 216.3 292.8 47.4,58.8,60.4 (0.0007) (15.1 ) (36.5) 
AG26 (250) 0.005 17.0 288 13.3,18.3 (0.001) (4.0) (57) 
AG2 (2000) 0.015 42.6 79.4 6.8,19.4,12.5 (0.0005) (5.9) (6.0) 
AG3 (3000) 0.014 44.0 92.0 6.5,11.8,12.7 (0.0002) (2.5) (4.6) 
AG4 (4000) 0.013 42.2 98.0 10.9,6.2,7.9 (0.0002) (2.2) (2.6) 
b) SERIES B • 1/3/2 Mixed Diol .
AG75 (550) 0.013 14.4 320 -(0.00ll) (90) (190) 
AG20 (830) 0.008 32 177 47.7,45.1,33.1 (0.0028) (21) (31) 
AG6 (1000) 0.017 140.0 193.0 30.9,34.5,34.2 (0.0005) (8.9) (6.4) 
AG27 (1250 O.Oll 35 121 22.1,22.9,25.3 (0.001) (7) (6) 
AG9 (2000) 0.022 121.0 100.8 20.7,24.6,22.4 (0.002) (23.6) (2.9) 
AG8 (3000) 0.014 66.6 143.2 21. 6,22.8,19.8 (0.002) (3.9) (9.9~ 
AG7 (4000) 0.015 42.5 80.5 28.3,30.9,22.2 (0.0014) (3.0) (14.2) 
TABLE 20. Penetration Times and Blot Off VAlues for Series 
A(1/3/2 Diol) and Series B (1/3/2 Mixed Diol) 
Polyurethanes. (Cast Samples). 
AVFII.AGF. 
('l.) 
-
-
55.5 
15.8 
12.9 
10.3 
8.4 
-
42.0 
33.2 
23.4 
22.6 
21.4 
25.5 
- 108 -
nllC<NESS 
t 
(inches) 
PENE'IRATlCII 
TIME 
(Hins) 
920 
(Hins) 
H. mm OFF TEST AV'i1I.AGE. 
(1 Recovered (%) 
after 30 mins) 
c) SERIES C • 1/3/2 Diel and TMP .
AG76 (550) - - - -
AG21 (830) 0.023 210>8<24h 358 
(0.004) 
-
AG10 (1000) 0.026 >8<24h 56.3,52.9,54.6 
<0.0015) -
AG28 (250) - - - -
AG12 (2000) 0.028 174 89 14.6,12.3,14.3 
<0.0012) (19) (3) 
AGll (3000) 0.028 154 137 2.7,7.4,5.0 (0.0012) (20) (9) 
AG13 (4000) 0.025 208 136 2.6,9.9,4.7 
<0.0013) (27) (4) 
d) SERIES D • 1/3/2 Mixed Diel and TMP .
AG77 (550) 
- - - -
AG22 (830) 
- - - -
AG14 (1000 0.013 83 196 49.4,49.2,48.9 (0.0025) (31) (9) 
AG29 (1250 0.035 
<0.0054) 
>8<24h - 29.8,38.8,25.0 
AG17 (2000 0.013 36 86 0.2,0.2,0.3 (0.0012) (4) (7) 
AG15 (3000 0.029 >8<24h - 2.3,3.7,2.3 (0.0022) 
AG16 (4000 0.018 104 128 5.6,7.7,0.1 
<0.0009) (20) (15) 
TABLE 20. Cont. Penetration Times and Blot Off Values for 
Series C (1/3/2 Dial & TMP) and Series D (1/3/2 
Mixed Dial & TMP) Polyurethanes (Cast Samples). 
-
-
54.6 
-
13.7 
5.0 
5.7 
-
-
49.1 
27.5 
0.2 
2.8 
4.4 
POLYMER nlICKNESS 
t 
(inches) 
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PENE'IRATION 
TIME 
(Hins) 
e) SERIES E : 1/2/1 Dio1 
AG41 (550) 0.017 161 
(0.004) (119) 
AG43 (830) 0.015 74 
(0.0039) (31) 
AG37 (1000 0.018 74 
(0.001) (8) 
AG42 (1250 0.014 38 (0.004) (23) 
AG40 (2000) 0.021 46 
(0.003) (11) 
AG38 (3000) 0.017 59 (0.00l) (8) 
AG39 (4000) 0.026 132 (0.005) (68) 
f) CON1ROL • .
CDE1378NR 0.023 66 
(0.0026) (10) 
CDE BUTYL 0.036 >48 hours (0.0082) 
920 
(Hins) 
194 
(73) 
123 (12) 
95 (6) 
67 (7) 
41 
(10) 
78 (6) 
70 
(13) 
50 (5) 
-
H.BLDT OFF TFSr AVFFJ.GE 
(l Recovered (tl 
after 30 mins) 
31.8,32.4,39.4 34.5 
--
20.3,16.2,18.1 18.2 
--
1.8,0.8,0.9 1.2 
25.0,20.7,16.9 20.9 
27.3,26.0,41.9 31. 7 
72.4,75.0,78.6 75.3 
10.6,94.0,91.3 95.6 
TABLE 20. Cont. Penetration Times and Blot Off Values for 
• Series E (1/2/1 Dio1) (Cast Samples) and CDE 
Control Samples. 
POLYMER TIlICKNESS 
t 
(inches) 
- no -
PENETRATION 
TIME . 
(Mins) 
a) SERIES A • 1/3/2 Dio1 .
AG72M * 0.01l 76->8<24h (550) <0.0024) 
AG19M 0.008 38 (830) <0.0026) (21) 
AG1M 0.013 79 (1000) <0.0009) (14) 
AG26M 0.015 86 (250) (0.008) (103) 
AG2M 0.015 53 (2000) (0.008) (74) 
AG3M 0.009 12 (3000) (0.002) (4) 
AG4M 0.020 107 (4000) (0.0081) (92) 
b} SERIES B : 1/3/2 Mixed D101 
f'.G75M 0.010 60 (550) (0.001) (1) 
f'\G2OM 0.007 . 25 (830) (0.001) (9) 
f'lG6M 0.016 132 (1000) (0.0007) (20 
"G27M 0.015 72 (l250) (0.0 ) (23) 
~9M 0.008 17 
2000} (0.0002) (23) 
f'G8M 0.01l 30 (3000) (0.002) (13) 
. 
r:G7M 0.013 50 4000) (O.002) 06} 
920 
(Mins) 
234 
232 
(40) 
198 
(20) 
133 
(40) 
72 (0) . 
65 
(13) 
91 (2) 
248 
(9) 
184 
(30) 
203 
(26) 
122 
(ll) 
93 
(78) 
96 
(l3) 
ll7 
(5) 
H.BWT OFF TEST AVfRAGE 
(% Recovered (%) 
after 30 mins) 
74.4,65.5,68.4 69.4 
65.8,60.3,62.5 53.9 (41.4,58.5,34.7) 
50.0,54.8,56.4 48.0 
40.4,42.3,44.5) 
0.3,2.5,0.6 7.0 03.3,18.3) 
6.0,13.9,3.9 7.9 
1.3,1.6,2.5 4.0 (3.1,8.1,7.5) 
1.7,5.7,4.9 4.1 
46.1,45.5,42.1 42.0 
41.9,41.0,35.7) 
10.1,16.4,33.7 20.2 (23.3,17.9,202) 
28.0,31.1,25.2 
(25.2,24.4,233 26.0 
8.0,13.1,3.7 8.3 
14.9,4.1,26.0 15.0 
19.6,12.3,14.8 11.0 (7.5,6.5,5.1) 
3.3,17.5,19.8 10.2 (6.5.9.,5.4.9 
* The letter 'M' indicates the sample was prepared by Compression Moulding. 
TABLE 21. Penetration Times and Blot Off Values for Series A 
(1/3/2 Diol) and Series B (1/3/2 Mixed Diol) 
Polyurethanes. (Moulded Samples). 
POLYMER TIlICKNESS 
·t 
(inches) 
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PENE1RATION 
TIME . 
(Mins) 
c) SERIES E • 1/2/1 Dio1 .
AG41M 0.011 48 (550) (0.0001) (7) 
AG43M 0.05 10 (830) (0.001) (3) 
AG37M 0.012 43 (1000) (0.001) (9) 
AG42M 0.017 77 (1250) (0.008) (81) 
AG40M 0.017 43 (2000) (0.003) (14) 
AG38M 0.011 37 (3000) (0.0002) (9) 
AG39M 0.013 38 (4000) (0.0002) (34) 
d) SERIES F • 1/4/3 Dio1 .
IAG74M 0.009 99 (550) <0.001) (22) 
I\G48M 0.014 70 (830) (0.002) (25) 
~~5M 0.012 130 (1000) (0.004) (40) 
f>.G5OM 0.013 86 
(1250) <0.005) (76) 
AG46M 0.012 36 (2000) (0.003) (16) 
~) 0.026 154 (0.013) (44) 
. ~G49M 0.022 77 (4000) (0.013) (101) 
920 
(Mins) 
.153 (11) 
164 (51) 
119 
(S) 
84 
(12) 
59 
(S) .. 
112 (6) 
89 
(26 
455 
(41) 
167 
(60) 
283 (16) 
177 
(30) 
88 (6) 
70 (22) 
48 
(15) 
H.BLOr OFF TEST AVFRAGE 
(% Recovered (%) 
after 30 mins) 
32.4,28.0,28.6 34.5 (39.4,34.8,43.4) 
41.7,30.2,35.5 
(32.1,15.2,27.4) 30.4 
13.2,15.2,12.6 13.2 
10.3,6.6,16.7 11.2 
2.7,3.2,1.9 2.6 
38.5,24.2,30.5 31.1 
21.4,23.4,11.7 18.8. 
56.8,49.1,53.9 53.3 
53.2,55.8,44.0 
(52.8,58.6,58.5) 53.8 
75.2,65.3,62.3 65.1 (52.7,66.4,68.7) 
29.7,36.2,27.3 31.1 
10.2,20.6,21.8 26.6 (26.0,32.1,48.8) 
0.1,0 •. 2, 0.1 0.1 
0.1, 0.1,1.0 0.4 
TABLE 21 cont. Penetration Times and Blot Off Values for Series 
E (1/2/l Dial) and Series F (1/4/3 Dial) 
Polyurethanes (Moulded Samples). 
POLYMER THICKNESS 
"t 
(inches) 
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PENE'rnATION 
TIME • 
(Mins) 
e SERIES G 1/3/2 M' d P 1 1 : lXe DiVD 
AG78M 0.010 35 (550) <0.002) (8) 
AG53M 0.010 33 (830) (0.07) (40) 
AG55M 0.012 31 (1000) (0.06) (28) 
AG56M 0.007 7 (1250) (0.001) (2) 
AG2M 0.015 53 (2000) (0.008) (74) 
AG51M 0.014 37 (3000) (0.011) (43) 
AG54M 0.015 34 (4000) (0.002) (8) 
f) SERIES H • 1/3 6/2 Diel .
AG79M 0.009 57 (550) (0.002) (17) 
AG62M 0.010 36 (830) (0.001) (15) 
jAG60M 0.013 59 (1000) (0.02) (26) 
jAG57M 0.009 17 (1250) <0.001) (2) 
1\G58M 0.021 93 (2000) (0.007) (81) 
AG63M 0.005 23 (3000) <0.005) (22) 
~64M . 0.010 27 (4000) (0.007) (34) . 
920 
(Mins) 
131 
(13) 
115 (52) 
82 
(25) 
67 
(2) 
72 
(10) 
49 
(10) 
58 (1) 
290 (24) 
145 
(27) 
134 
(28) 
88 (5) 
67 
(23) 
59 
(27) 
80 
(20) 
H.BlOT OFF TEST AVFRAGE 
(X Recovered (%) 
after 30 mins) 
13.7,8.9,16.2 12.9 
13.5,9.7,6.6 13.3 
13.4,24.2,17.5 18.4 
10.3,19.7,20.0 16.7 
6.0,13.9,3.0 7.9 
I 
0.2,0.3,2.9 1.1 
0.4,0.8,0.6 0.6 
25.8,27.1,36.3 29.7 
36.7,42.0,33.8 37.5 
26.2,42.4,47.8 38.8 
4.1,6.2,6.2 24.6 (41. 7 ,51. 7 ,38.1) 
16.9,16.7,20.7 18.1 
4.1,10,8,7.1 7.3 
7.0,7.3,8.7 7.7 
TABLE 21 cont. Penetration Times and Blot Off Values for 
Series G (1/3/2 Mixed Po1yo1) and Series H 
(1/3.6/2 Diol) Polyurethanes. (Moulded Samples). 
POLYMER nua<NESS 
t 
(inches) 
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PENE'lRATIbN 
TIME 
(Mins) 
g) SERIES I: 1/2/1 Mixed Diel 
AG80M 0~010 37 
(550) (0.002) (15) 
AG68M 0.003 4 
(830) (0.001) (l) 
AG69M 0.016 98 (1000) (0.006) (70) 
AG6SM 0.012 38 (1250) (0.006) (37) 
AG66M 0.015 63 (2000) (0,001) (7) 
AG70M 0.009 10 (3000) (0.00l) (3) 
AG71M 0.016 95 (4000) (0.007) (97) 
920 
(Mins) 
152 (30) 
150 (18) 
136 
(12) 
78 
(21) 
110 
(8) 
47 
(6) 
122 (33) 
H.BlDr OFF TEST AVFRAGE 
(l Recovered (7.) 
after 30 mins) 
35.4,40,0,40.4 
(47.2,47.3,46.4) 42.8 
32.6,29.3,27.9 
29.9 
23.2,18.1,21.8 21.0 
29.5,22.0,22.2 24.6 
28.1,31.4,36.0 31.8 
32.0,32.8,27.1 30.6 
3.8,23.7,24.7' 17.4 
·TABLE 21 cont. Penetration Times and Blot Off Values for 
Series I (1/2/1 Mixed Diol) Polyurethanes 
(Moulded Samples). 
POLYMER 
AG42/1M* 
AG42/2l1 
AG42/3M 
AG42/4M 
AG42/5M 
AG42/6M 
AG42/lM 
AG42/8M 
THICKNESS 
°t 
(inches) 
0.007 
(0.0022) 
0.007 
(0.0023) 
0.007 (0.002) 
0.008 
(0.0016) 
0.009 (0.0018) 
0.007 
<0.002) 
0.011 (0.001) 
0.008 (0.003) o' 
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PENE'IRATION 
TIME '. 
(Mins) 
21 (4) 
21 
(1) 
20 (0) 
22 (9) 
31 (0) 
11 (28) 
38 
(6) 
26 
(19) 
920 
(Mins) 
160 
(31) 
148 (9) 
151 (8) 
127 
(21) 
138 (9) 
120 
(28) 
133 
(19) 
135 
01) 
H.BLOT OFF TEST AVfRAGE 
(% Recovered (%) 
after 30 mins) 
12.1,26.0,27.6 21.9 
37.5,28.7,26.0 30.7 
11.2,23.0,23.6 19.3 
16.8,29;1,16.4 20.8 
5.8,11.7,7.8 8.4 
13.7,3.0,13.9 10.2 
8.7,23.2,5.4 . 12.4 
14.8,8.9,20.0 14.6 
* This figure indicates the lOClUlding time in minutes. e.g. AG42/lM 
was lOClU1ded for 1 minutes; AG42/2l1 for 2 minutes etc. 
TABLE 22 The effect of moulding time (1-8 mins) upon 
permeation behaviour. 
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POLYMER TIlICKNESS PENE'IRATION 920 H.Bwr OFF TEST AVFRAGE 
c TIME (Mins) (% Recovered (t) (inches) (Mins) afcer 30 mins) 
AG2/11sMk 0.010 22 88 6.3,19.7,2.5 9.5 (0.0006) (2) (6) 
AG2/126M 0.007 12 91 2.5,6.6,10.7 6.6 (0.0018) (5) (4) 
AG2/14OM 0.009 15 75 4.5,10.6,8.9 8.0 (0.0014) (4) (3) 
AG2/149M 0.010 17 74 3.5,8.5,11.7 7.9 
. 
(0.0014) (4) (7) 
AG2/162M . 0.008 12 78 2.6,7.9,3.3 4.6 (0.00ll) (2) (13) 
AG2/176M 0.008 13 89 6.0,9.3,7.9 7.7 (0.0009) (3) (6) 
* This figure indicates the moulding temperature in C. ego AG2/11sM 
was moulded at a temperature of 115 C; AG2/126M at 126 C etc. 
TABLE 23. The effect of MOul.ding temperature (115 - 176°C) 
upon permeation behaviour. 
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POLYMER THICKNESS PENE'IRATION 920 H.mm OFF TEST AVFRAGE 
t TIME (Mins) (1. Recovered ('r,) (inches) (Mins) after 30 mins) 
* AG42/5000M 0.007 12 102 14.2,24.3,20.0 19.6 (0.0007) (2) (6) 
AG42/6000M 0.007 10 99 20.8,21.2,18.4 20.1 (0.0007) (2) (6) 
AG42/7000M 0.003 6 325 18.5,19.9,22.0 20.2 (0.0003) (l) (88) 
AG42/8000M 0.004 9 174 17.9,14.4,18.6 17.0 (0.0008) (5) (78) 
AG42/9000M 0.006 2 38 13.6,15.1,13.7 14.1 (0.0022) (0.5) (24) 
* This figure indicates the moulding presSure in psi e.g. AG42/500OM 
was moulded at 5000 psi pressure; AG42/6000M at 6000 psi pressure etc. 
TABLE 24. The effect of moulding pressure (5000 - 9000 psi) 
upon permeation behaviour. 
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so that a better appreciation of permeation behaviour can be 
obtained. (Figs 22-28). The appropriate Series A curve (1/3/2 
Diol) has been used as a reference throughout. Graphs have also 
been constructed to compare results from moulded and cast specimens 
(Figs 29-31). 
4.2.2 Results and Discussion 
4.2.2.1 Cast Samples 
Unfortunately due to problems in casting a film of an even thickness 
the results for this part of the investigation, in particular those 
for the cross-linked materials, are somewhat limited. (See Table 20). 
However certain trends in behaviour can be detected. Generally it 
can be said that polyurethanes out perform Natural Rubber but are 
nru.ch inferior to Butyl Rubber. 
If we consider first the Series A materials (1/3/2 Diol) it can be 
seen that, in the amorphous phase, as you increase the molecular 
weight of the polyol in the formulation from 1000 to 2000 (and 
therefore reduce the hard segment content) a drastic drop in both 
penetration resistance and blot off performance are realised. However 
with the introduction of soft segment crystallinity (Le. those 
materials based on 3000 and 4000 Mol. Wt. Polyol) penetration 
resistance and Blot off performance level out. (see Fig 22). This 
type of behaviour was typical for all of the series under investigation 
especially in the amorphous phase, although it must be pointed out 
that in the crystalline phase permeation behaviour was a little 
varied. 
4.2.2.1.1. The Effect of Cross-Linking with IMP 
As mentioned above limited results were obtained with these materials 
but those filma Which did produce permeation data showed that in the 
amorphous phase the thermoset cross-linked materials were no better 
FIG.22 
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(and in one case were much worse) than the thermoplastic materials 
with regard to penetration times. (see Fig 22). This was somewhat 
surprising since it had been expected that cross-linked polyurethanes 
would perform better than the thermoplastic polyurethanes. Significantly 
the polymers that the M.O.D were particularly interested in Le., those 
based on 2000. M.Wt. Polycaprolactone (thermoplastic or thermoset) 
were all found to have a penetration time of 84± 5 mins. It was 
this result Which allowed the M.O.D to decide to dispense with 
thermoset polyurethanes with regard to the face mask development 
programre. 
In the crystalline phase cross-linked polymers would seem to have 
a slightly better penetration resistance. If we assume, as the. 
results in the amorphous phase suggest, that the presence of a cross-
link does nothing to drastically alter performance, then it would 
appear that these materials (Which have almost identical hard segmeDt 
content (wt%) as the thermoplastics) have developed a higher amount 
of soft segment crystallinity, Which brings about an improved 
performance. 
With regard to Blot off performances, the figures obtained show that 
in both the amorphous and crystalline phases the cross linked 
materials absorb more chemical warfare agent. This would suggest a 
more open structure for these polymers. Since from the penetration 
times it had been inferred that the cross linked materials had 
developed more soft segment crystallinity than the thermoplastics 
these results would tend to suggest that the nature of the hard 
segment plays a significant part in controlling the amount of chemical 
warfare agent that is absorbed. 
4.2.2.1.2 The Effect of Reaction Ratio 
Changing the reaction ratio from 1/3/2 to 1/2/1/ brings about a 
decrease in the hard segment content (and therefore an increase in 
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soft segment content) of the polyurethane. This has a noticeable 
effect on permeation behaviour (see Fig 23), generally reducing 
both penetration time and blot off performance. Only in the 
crystalline phase (where it is expected that greater soft segment 
crystallinity will have developed) do the 1/2/1 series materials 
show any improvement. Here Blot Off figures are between 100% and 
400% better. 
It is interesting to note that the difference in permeation behaviour 
between the corresponding members of the two series gradually 
diminishes as polyol molecular weight increases. For example, a 
comparison of the penetration figures of CAPA 210 (lOOO.M.Wt) based 
materials shows a three fold difference (292 mins against 95 mins) 
whereas for the CAPA 220 (2000. M.Wt) based materials only a two fold 
difference exists (79 mins against 41 mins). A comparison of Blot 
Off figures for the two series of materials also shows a similar 
trend. This trend had not been particularly evident with the results 
from the thermoset materials but ~learly reflects the importance 
of soft segment molecular weight upon any effect that increasing 
the reaction ratio will have. 
4.2.2.1.3 Effect of using a mixed diol chain extender 
Here we have a much more complete set of results than previous so 
that a better appraisal of the permeation data can be obtained (see 
Fig 24). In the amorphous phase, with one exception (the value for 
2000 Mol.Wt. polyol), the polymers chain extended with a mixed diol 
give both poorer penetration resistance and blot off performance. 
However in the crystalline phase the reverse is true with the mixed 
diol chain extended polymers having the overall better performance. 
As with the penetration time data obtained for the thermoset materials 
these results would suggest that in the amorphous phase the nature 
of the hard segment plays an important role in determining performance 
(since by weight % hard segment content is virtually identical) but 
FIG.23 
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in the crystalline phase it is the amount of soft segnent . 
crystallinity which is the important factor. The Blot Off figures 
are contrary to what had previously been seen with the thermoset 
materials; here soft segment crystallinity and not hard segnent 
morphology would seem to control the amount of Mustard Gas which is 
absorbed. Mixed Diol materials are between 100% and 300% better in 
performance. 
Finally it should be noted that the permeation performance of the 
Mixed Diol chain extender polyurethanes is intermediate between that 
of the 1/2/1 series and the 1/3/2 series. 
4.2.2.2 Moulded Samples 
Producing samples by Compression Moulding was a far more successful 
technique than casting because the use of a high pressure meant that 
a much more consistent thickness of film could be obtained. Also 
there was far less tendency for voids to form. Unfortunately this 
method of producing thin polymer films is limited to thermoplastic 
materials. However, a complete set of results were obtained for 
the areas of investigation that we were interested in with this type 
of material. (see Table 21) Without exception the same pattern of 
behaviour as had been seen with the cast samples was exhibited by 
the moulded samples. i.e. In the amorphous phase a poorer permeation 
performance being realised with increasing soft segnent molecular 
weight (or decreasing hard segment content) and in the crystalline 
phase a levelling out of properties. Again polyurethanes can be said 
to out perform Natural Rubber but are much inferior to Butyl Rubber. 
4.2.2.2.1 Effect of Reaction Ratio 
In common with the results from the cast materials it can be seen 
(Fig 25) that in the amorphous phase the effect of increasing the 
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reaction ratio is to bring about better permeation performance 
both in terms of penetration time and Blot off figures. However 
in the crystalline phase a reversal of this trend is seen with the 
lower the reaction ratio the better the permeation performance. As 
discussed previously this is thought to relate to the amount of soft 
segment crystallinity Which is realised in these polymers. (It must 
be rerrembered that the polymer based on the 3000 P\.Wt polyol with 
a reaction ratio of 1/4/3 is transparent). 
Also of interest here is that this set of data show very well how 
in the amorphous phase the range of penetration times decreases as 
the soft segment molecular weight increases. (See Table 25 Below). 
POLYOL 920 820 RANGE 
MOL.WT 1/4/3 (Mins) 1/2/1 (Mins) (Mins) 
550 455 153 302 
830 167 164 3 
1000 283 119 164 
1250 177 84 93 
2000 88 59 29 
TABLE 25 A callParison of ~netration times for Series 
E (1/2/1 Diol) and Series F (1/4/3 Dio1 materials. 
At a po1yol molecular weight of 550 the range in 920 values is 302 
minutes and this gradually decreases until for a polyol molecular 
weight of 2000 the range is just 29 minutes. The only anomaly in 
this trend is the results for the 830 molecular weight polyol Where 
the range is just 3 minutes! This may reflect either a bad result 
or alternatively it could represent a change in morphology for 
polyurethanes at this particular point. 
With regard to the Blot Off figures it is difficult to determine any 
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significant variation in the range of results because of two 
seemingly low results for the 550 and 830 molecular weight materials 
of the 1/4/3 series. Certainly there is a range difference between 
the 1000 mol.wt. polyol based materials (51.9%) and the 2000 mol.wt. 
polyol based materials (24.0%). 
4.2.2.2.2 The Effect of using a mixed diol chain extender 
Using moulded samples it was possible to compare the use of a mixed 
diol chain extender for two reaction ratios: 1/3/2 and 1/2/1. 
For the first case i.e. 1/3/2 extremely similar results were obtained 
to those previously seen with the cast samples. (see Fig 26). In 
the amorphous phase, with one exception (the value for the 2000 Mol. 
Wt. polyol) the polymers chain extended with a mixed diol give both 
poorer penetration resistance and blot off performance. However in 
the crystalline phase the reverse is true with the mixed diol chain 
extended polymers having the overall better performance. An 
explanation for this behaviour has already been given (see section 
4.2.2.1.3) • 
It could then also be expected that the 1/2/1 materials would also 
show a similar type of behaviour. Broadly speaking this is true, 
with in the amorphous phase three of the four results showing slightly 
less values for penetration time and in the crystalline phase two of 
the three results showing an improvement. (It must be remembered that 
for 1/2/1 Mixed Diol the 2000 Mol. Wt based material is crystalline). 
Blot Off figures however are not so convincing because in the 
amorphous phase results for the mixed diol materials appear to be 
slightly better, and in the crystalline phase almost identical. It 
may well be that at this low reaction ratio "level of 1/2/1 differences 
between diol and mixed diol materials are minimal because of the 
reduced hard segment content in these polymers and therefore similar 
results are obtained. Much the same effect has been seen in the 
previous section Where for the 2000 Mol.Wt based materials different 
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reaction ratios of 1/2/1, 1/3/2, and 1/4/3 have had very close 
penetration times and blot off figures. 
4.2.2.2.3 Effect of Cross-Linking with excess Isocyanate 
The use of 20% excess Isocyanate in the polyuret~ . formulation 
will produce allophonate crosslinking tn the polymer. However, 
as with the cross-linking by the Triol 1MP, no improvement in 
penneation performance is seen to be realised.· (see ·Fig'27); With 
regard to penetration times the cross1inked materials are generally 
poorer, though the difference is minimal for a soft segment molecular 
weight of 2000 and above. For Blot Off figures the situation is a 
little confused with, in the amorphous phase, three results below 
and two results above those achieved with the 1/3/2 Diol formulations. 
In the crystalline phase both results show a slight improvement on 
the 1/3/2 Diol formulations suggesting that greater soft segment 
crystallinity has been realised in the cross-linked materials. 
4.2.2.2.4 Effect of using a mixed polyo1 system 
The use of a mixed polyol system in the polyurethane formulation 
results in both poorer penetration times and blot off figures being 
obtained. (see Fig 28). This was perhaps to be expected since the 
inclusion of 50% CAPA 220 in the formulation will mean there is a 
greater amount of soft segment available through which penneation 
can take place. Again, in the amorphous phase, there can be seen 
a diminishing range between the results as the soft segment molecular 
weight is increased. The. poorer . results for the 3000 and 4000 Mo1.Wt. 
based materials are a consequence of the disruption to the crystalline 
phase by the inclusion of 50% CAPA 220. Both these materials were 
translucent in character. 
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4.2.2.2.5 A comparison of Cast and Moulded Samples 
A comparison of cast and moulded samples was possible for the 
Series A (1/3/2 Diol) , Series B (1/3/2 Mixed Diol) and the Series 
E (1/2/1 Diol) materials. It can be seen (Figs 29-31) that 
generally there is a good correlation between the penetration 
times and blot off figures obtained from the two methOds. Series 
A and series B materials both have slightly lower penetration 
figures for the moulded samples and this probably reflects the 
reduced amount of order in these polymers as a result of the rapid 
cooling involved in their prOduction. In comparison the Series E 
materials exhibit slightly higher penetration times for moulded 
samples whilst Blot Off figures are broadly similar. It may be 
that in this case the departure from the expected pattern of 
behaviour is a result of the moulded sheets having possibly been 
left a little longer than usual prior to testing. 
4.2.2.2.6 Effect of processing conditions 
A number of samples were prepared with variations in moulding time, 
moulding temperature, and moulding pressure to see if these 
parameters had any effect upon permeation behaviour. For the 
purposes of identification a second figure was added to the polymer 
cOde which corresponded to the processing variable under investigation. 
e.g. AG42/5M represents five minutes moulding time; AG2/l26 
represents a moulding temperature of 126 C; AG42/5000 represents 
a moulding pressure of 5000 psi. 
It can be seen that by changing the mouldin& time from 1 to 8 minutes 
has very little effect on penetration time. (see Table 22). A mean 
value of 139 with a standard deviation of 13.22 was obtained. Blot 
Off figures are perhaps slightly more variable; here a mean value 
of 17.3 with a standard deviation of 7.34 was obtained. Discussions 
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with CDE Porton Down revealed that these figures were considered to 
be well within their accepted experimental error limits. It 
perhaps should also be pointed out that the sheet from which these 
polymer samples had been moulded was in fact a spare one in which 
the ratio of components had been wrongly calculated. The results 
therefore do not bear comparison with previous AG42M permeation 
data. 
Changing the moulding temperature from 115°C to 176°C also showed 
little effect on permeation data (see Table 23). Here we have an 
excellent set of results with for penetration time a mean value of 
82.5 and a standard deviation of 7.66 and for blot off a mean 
value of 7.4 and a standard deviation of 1.65. Also here the results 
compare very well with those previously obtained for AG2M. 
Finally, changing the moulding pressure from 5000 psi to 9000 psi 
produced the only odd set of results with penetration times varying 
quite markedly. (see Table 24). Here a mean value of 147.6 with a 
standard deviation of 110 was obtained. The extremely high times 
of 325 minutes for AG42/700OM and 174 minutes for AG42/8000M do 
themselves have large standard deviations and it may well be that 
the extremely thin sheets that were tested here (0.003 and 0.004" 
respectively) have produced slightly anamalous figures which in the 
subsequent calculation to arrive at a 920 value have only served:to 
exagerate the result. Certainly most of the other permeation results 
have been obtained on much thicker sheets; in general 0.007" and 
above. By comparison the Blot Off figures produced for these thin 
sheets do show excellent agreement with a mean value of 18'·1 '. and 
a standard deviation of 2.63 and bear good correlation to the results 
obtained in the first part of this.experiment:{i,e. variation in 
moulding time). 
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4.3 Physical Properties 
Sheets of polyurethane of approximately 2-3 mm thickness were cast 
from the polymer melt and used to obtain samples for physical 
testing purposes. The following were determined for each polyurethane 
that was synthesised. 
1/ Hardness (BSO, Shore A, and Shore D) 
2/ 100% & 300% Modulus; and Ultimate Tensile Strength (Mpa) 
3/ Elongation at Break (%) 
4/ Tear Strength (N/2rnm) 
5/ Compression Set (%) : 22 hours @ 70°C 
6/ Specific Gravity (g/ cm3) 
The exact nature of each physical test and the conditions under Which 
it was carried out are given in Appendix D. All conform to British 
Standards specification. The results for each of the nine series of 
polyurethanes (Le. A to I) are given in Tables 26-34). However as 
with the permeation results, they will be considered by looking at 
four specific areas of interest; 
1/ The effect of Hard Segment content (or Reaction Ratio) 
2/ The effect of using a mixed diol chain extender 
3/ The effect of crosslinking 
4/ The effect of using a mixed polyol system 
4.3.1. Effect of Hard Segment content (or Reaction Ratio). 
The transparent materials (in general those based upon polyols of 
550-2000 Mol Wt. ) show that an increase in hard segment content results 
in higher hardness materials (see Figs 32 & 33). Similarly for any 
given polyol molecular weight an increase in reaction ratio (e.g. 1/2/1 
to 1/4/3) brings about an increase in hardness. By comparison the 
opaque materials show the opposite to these trends; the lower the 
hard segment content (or reaction ratio) then the harder the 
resultant polyurethane is. This is brought about because the low 
HARDNESS ULTIMATE ELONGATION 1007. 300% TEAR mlPRESSION S.G. 
POLYMER TENSILE AT MODULUS MODULUS ·S'IRENGTH SET (%) 
S'IRENGTH BREAK . (MPa) (MPa) (N/2rrm) 22 hr @ 7aC (g/cm3 
BS' SHORE A SHORE D (MPa) (%) 
AG72 (550) 99 100 80 34.0 , 160 26.1 - - 89 L151 
AG19 (830) 96 99 63 24.4 225 18.6 - 247 81 1.148 
AGl (l000) 89 97 60 30.8 343 11.2 18,0 343 72 1.134 
AG26 (1250 87 95 48 24.2 400 10.2 17.5 140 71 1.133 
AG2 (2000) 80 83 27 22.4 489 7.4 14.4 163 77 1.121 
AG3 (3000) 97 97 42 19.8 571 5.3 12.2 197 98 1.120 
AG4 . (4000) 96 100 50 25.5 600 7.2 13.3 272 82 1.1-37 
TABLE 26. The physical properties of the Series A Polyurethanes (1/3/2 Diol) 
HARDNESS ULTIMATE E11lNGATION 100% 300% TEAR ro-IPRESSION S.G. 
POLYMER TENSILE AT MODULUS MODULUS S'IRENG'lli SET (%) (g/cm3 STRENGTH BREAK (MPa) (MPa) (N/2nrn) 22 hr @ 70C 
ES' SHORE A SHORE 0 (MPa) (%) 
. 
AG76 (550) 99 100 72 26.2 179 21.8 - - 100 1.141 
AG20 (830) 87 98 55 23.4 368 12.4 18.6 252 85 1.138 
AG6 (1000) 84 96 52 54.7 360 12.9 27.6 217 60 1.132 
AG27 (1250) 79 87 40 19.0 472 8.7 13.4 125 62 1.128 
AG9 (2000) 65 77 24 22.4 526 5.6 12.4 100 64 1.116 
AG8 (3000) 97 99 47 18.9 506 6.4 11.6 285 76 1.137 
AG7 . (4000) 96 100 52 15.7 513 7.4 8.6 177 84 1.151 
TABlE 27. The physical properties of the Series B Polyurethanes 0/3/2 Mixed Diol). 
HARDNESS ULTIMATE EWNGATION 100% 300% TEAR cnlPRESSION S.G. 
POLYMER TENSILE AT MODUWS MODULUS S'IRENGTH SET (%) 
STRENGTH BREAK (MPa) (MPa) (N/2rrm) 22 hr @ 70G (g/cm3 
BS' SlICRE A SHORE D (MPa) (%) 
AG76 (550) 97 100 81 43.4 125 37.6 - - 15 1.146 
AG21 (830) 92 100 64 19.5 370 8:4 12.4 163 18 1.142 
AGI0 (1000) 85 100 57 20.6 401 7.6 10.4 175 30 1.132 
AG28 (250) 62 84 36 13.1 438 2.5 4.6 50 30 1.129 
. 
AG12 (2000) 60 68 20 13.4 481 2.4 4.9 56 31 1.112 
AGll (3000) 96 100 50 27.8 473 6.7 14.0 138 45 1.145 
AG13 (4000) 97 100 54 22.3 470 11.1 14.3 162 40 1.146 
TABLE 28. The physical properties of the Series C Polyurethanes (1/3/2 Dio1 & TMP) 
HARDNESS ULTIMATE EUlNGATION 10m 300% TEAR a:.t1PRESSION S.G. 
POLYMER TENSILE AT MODULUS MODULUS S'IREtm'II SET (X) 
S'IREtm'II BREAK (MPa) (MPa) (N/2mn) 22 hr @ 7aC (g/cm3 
BS' SHORE A SHORE D (MPa) (X) 
AG77 (550) 98 100 81 30.5 330 25.4 - - 12 1.143 
AG22 (830) 93 100 64 24.7 253 8.6 - 160 15 1.132 
AG14 ( 1000) 83 90 57 35.2 310 7.4 33.4 155 32 1.134 
AG29 (1250) 81 90 39 21.3 373 5.0 9.8 57 28 1.122 
AG17 (2000) 63 74 23 10.7 453 5.1 6.1 63 34 1.112 
AG15 (3000) 99 98 56 21.0 476 11.0 13.2 212 62 1.142 
AG16· (4000) 99 100 58 22.5 453 12,1 14.9 232 75 1.158 
TABLE 29. The physical properties of the Series D Polyurethanes (1/3/2/ Mixed Diol & TMP). 
HARDNESS ULTIMATE ELONGATION 100% 300% TEAR a:t1PRESSION S.G. 
POLYMER TENSILE AT MODUWS t-KlDUWS S1RENG'l1l SET (l) 
S1RENG'l1l BREAK (MPa) (MPa) (N/2mn) 22 hr @ 70C (g/cm3 
BS· SHORE A SHORE D (MPa) (%) 
AG41 (550) 100 100 66 38.2 380 10.2 27.4 370 81 1.152 
AG43 (830) 82 92 39 9.2 341 6.1 7.5 178 90 1.136 
AG37 (1000) 83 86 33 11.4 429 4.1 6.7 165 87 1.122 
AG42 (250) 70 77 27 21.4 626 3.8 5.4 174 77 1.144 
AG40 (2000) 61 70 23 22.7 635 4.1 6.2 224 70 1.125 
AG38 (3000) 99 100 53 14.7 475 4.0 6.8 210 85 1.140 
AG39 (4000) 100 100 55 15.7 580 3.7 4.2 221 91 1.148 
TABLE 30. The physical properties of the Series E Polyurethanes (1/2/1 Diol). 
HARDNESS ULTIMATE ELONGATION 100r. 3007. TEAR truj'RESSION S.G. 
POLYMER TENSILE AT MODUUJS l-f)DUUJS' - STRENG'lR SET:(7.) ._ 
S'IREN:ml BREAK (MPa) (MPa) (N/2nm) 22 hr @ 70G (g/crn3 
BS' SHORE A SHORE 0 (MPa) (7.) 
AG74 (550) 100 100 83 - - - - - -- 82 1.153 
AG48 (830) 100 100 70 33.8 241 20.2 - 477 61 1.153 
AG45 (1000) 97 100 67 42.4 245 19.8 - 348 58 1.136 
AG50 (1250) 92 97 58 28.2 263 11.4 - 276 57 1.141 
AG46 (2000) 82 90 37 34.5 404 8.8 24.3 331 50 1.130 
AG44 (3000) 68 80 31 27.2 562 5.6 15.3 292 29 1.120 
-
AG49 (4000) 83 90 42 24.1 598 5.2 12.0 308 74 1.131 
TABLE 31. The physical properties of the Series F Polyurethanes (1/4/3 Diol). 
; 
HARDNESS ULTIMATE ELONGATION 1001. 300% TEAR aMPRESSION S.G. POLYMER TENSILE AT l1JDULUS l1JDULUS S'IRENGTH SET (X) 
(g/cm3 S'IRENGTH BREAK (MPa) (MPa) (N/2nm) 22 hr @ 7aC SS" SHCRE A SHORE D (MPa) (%) 
AG78 (550) 95 92' 42 23.6 330 13.0 21.4 204 87 1.127 
AG53 (830) 84 90 40 29.2 342 18.6 26.0 163 90 1.135 
AG55 (1000) 81 90 31 9.0 238 8.8 - 114 98 1.123 
AG56 (1250) 78 88 30 11.2 187 11.2 - 134 97 1.127 
AG2 (2000) 80 83 27 22.4 489 7.4 14.4 105 77 1.121 
AG51 (3000) 76 80 29 24.4 528 80 16.4 176 95 1.123 
AG54 (4000) 80 80 28 29.4 620 8.9 21.8 149 65 U16 
TABLE 32. The physical properties of the Series GPolyurethanes (1/3/2 Mixed Polyol). 
HARDNESS ULTIMATE El..ONGATION 100'7. 300% TEAR <nIPRESSION S.G. 
POLYMER TENSILE AT MODULUS MODULUS S'IRENG'TIl SET ('7.) 
STRENGTH BREAK (MPa) (MPa) (N/2nm) 22 hr @ 70(; (g/crn3 
BS· SHORE A SHORE D (MPa) (%) 
AG79 (550) 100 100 81 - - - - -. 50 1.143 
. 
AG62 (830) 100 100 66 22.5 160 19.7 - - 21 1.147 
AG60 (1000) 98 100 62 451 360 21.4 38.4 333 32 1.134 ..... 
t 
AG57 (1250) 96 100 55 8.4 127 8.1 - 308 29 1.130 
AG58 (2000) 85 90 34 7.9 170 7.5 -, 148 34 1.126 
AG63 (3000) 93 100 48 12.4 287 8.1 - 144 38 1.131 
AG59 (4000) 95 100 60 16.0 270 9.4 - 331 20 1.144 
TABLE 33. The physical properties of the Series H Polyurethanes (1/3.6/2 Diol). 
HARDNESS ULTIMATE EI1lNGATION 100'7. 300% TEAR <n1PRESSION S.C. 
POLYMER TENSILE AT MODUUlS MODULUS S1RENG'lli SET (%) 
S1RENG11I BREAK (MPa) (MPa) (N/2mn) 22 hr @ 7aC (g/cm3 
BS' SHORE A SHORE D (MPa) (%) 
AG80 (550) 98 100 60 26.6 396 6.1 18.4 205 84 1.138 
AC68 (830) 70 78 27 7.2 360 3.3 6.0 187 100 1.134 
AC69 (1000) 61 72 23 10.8 526 4.3 5.8 124 97 1.116 
AG65 (1250) 59 68 20 10.7 724 2.1 4.3 161 85 1.124 
AG66 (2000) 97 100 36 14.8 690 3.7 6.5 159 -. 1.138 
AG70 (3000) 97 100 52 11.9 473 3.6 7.3 - - 1.147 
AG71 (4000) 98 100 54 18.5 560 4.6 7.8 - - 1.145 
TABLE 34. The physical properties of the Series I Polyurethanes (1/2/1 Mixed Diol). 
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hard segment content in these higher polyolmolecular weight based 
materials means there is an increased tendency for the soft segment 
to crystallise; The more crystalline a material is the greater is 
its hardness. Density measurements also show a similar trend of 
behaviour. 
The tensile performance of these materials was found to be very much 
as expected with higher hard segment contents producing increases in 
modulus but with reduced elongation at break figures. ( see Tables 26, 
30 & 31). There is a notable peak in tensile strength performance 
with those polymers based upon the CAPA 210 (1000 Mol. Wt) polyol. 
(for all three reaction ratios examined). Typical tensile curves 
for the various polyol based materials are shown in Fig 34 (a). It 
can be seen that for the transparent polymers the natur~ of the curve 
changes quite markedly as the hard segment content is increased. At 
low hard segment contents curves typical of soft and tough materials 
are obtained; these become gradually more inclined and characteristic 
of hard and strong materials as the hard segment is increased. 
Ultimately the tensile curve can be seen to show the material has 
yielded. A similar type of behaviour to that just described is to be 
seen when the reaction ratio is increased form 1/2/1 to 1/4/3 with yielding 
again occuring in the lower poly~l molecular weight based polymers 
(see Fig 35). . What none 'of these tensile curves do show, and which 
'-
can be considered to contribute greatly to the physical properties of 
the polyurethanes, is that strain crystallisation frequently occurred 
in the specimens under test;· This was most noticeable in the polyurethanes 
synthesised from the higher molecular weight polyols (1000 and above). 
By comparison the crystalline materials show much different tensile 
characteristics to the transparent materials. Typical curves are 
shown in Fig 34 (b) and these are good examples of cold drawing behaviour 
with an initial peak (termed the yield stress) followed by a plateau 
modulus. This results because beyond the yield point a neck forms 
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FIG. 35 The effect of increasing reaction ratio (and hard 
segment content) upon (a) 830 Mol. Wt. and (b) 2000 
Mol. Wt. polycaprolactone based polyurethanes. 
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in the centre of the specimen as the load falls and then as the 
load rises again the shoulders of the neck travel along the specimen;-. 
During this drawing procedure the material becomes transparent. 
However, after a period of time, just as was observed with the 
transparent polymers, stress crystallisation occurs and the tensile 
curve again begins to rise until eventually the specimen ruptures. 
Generally those polymers: based on CM?A 231 (3000 Mol. Wt) had lower 
yield stresses than those based on CM?A 240 (4000 Mol. Wt). 
Tear Strengths showed a similar pattern of behaviour to tensile 
strengths; generally the higher the hard segment content the higher 
the tear strength. However as SEM photographs showed the Irechanism 
of rupture for the two tests are quite different. For the tensile 
specimens a smooth almost glassy surface would remain after rupture 
(see Fig 36) and it would not be till high magnifications were employed 
(see Fig 37) that any surface relief would be seen. By comparison 
characteristic behaviour in the tear specimens can be well seen at 
low magnifications. Low hard segment content materials would show 
typically ductile fractures and tears (Figs 38-40) whilst high hard 
segment content materials exhibit a more smooth and brittle fracture. 
(Figs 41-43). 
Finally compression set of these thermoplastic materials was extremely 
high in all cases. The best results were seen with the high molecular 
weight polyol member of the Series F polymers (1/4/3 reaction ratio). 
4.3.2 Effect using a mixed diol chain extender 
In the transparent phase the use of a mixed diol chain extender brings 
about softer materials; generally a drop in hardness of between 5 & 10 
points (Shore D) was observed. (see Fig 32). However in the crystalline 
phase mixed diol based polyurethanes were found to be harder than their 
single diol counterparts. Since hard segment contents for both mixed 
diol and single diol polyurethanes were almost identical these results 
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FIG. 36 SEM photograph of typical tensile rupture . 
(AG72 .CAPA 200(550 .Mol.Wt.)H12MDI/ l,4,Butane 
Diol ; 1/3/2) x 200 . 
FIG. 37 SEM photograph of typical tensile rupture. 
(AG19 .CAPA 205(830 .Mol.Wt . ) / H1211DI / l ,4,Butane 
Diol ; 1/ 3/ 2) x 900. 
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FIG . 3S SEM photograph of typical ductile tear fracture . 
CAG26.CAPA 21S C12S0 .Mol .Wt . )H12MDI/l ,4 Butane 
Diol ;1/3/2) x ISO. 
FIG . 39 SEM photograph of typical ductile tear fracture 
CAG19.CAPA 20SCS30 .Mol.Wt . ) /H12MDI / l,4 ,Butane 
Diol ; 1/ 3/ 2) x ISO 
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FIG . 40 SEM photograph of typical ducti le tear fracture 
(AG80 .CAPA 200(500 .Mo1.Wt .) /H12MDI/l ,4 ,Butane 
Diol ;1 /2/1) x 200 . 
FIG . 41 SEM photograph of typical br ittle tear fracture 
(AG60 :CAPA 210 (1000 .Mol .Wt.)H12MDI/l ,4 ,Butane 
Diol ; 1/ 3/ 6/ 2) x 200 . 
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FIG. 42 SEM photograph of t ypical brittle tear 
fracture. (AG42.CAPA 205 (S30 .Mol .Wt . )/ 
HIZMDI/l,4,Butane Diol;1 /4/3 ) x ISO . 
FIG . 43 SEM photograph of typical brittle tear 
fracture (AG74 .CAPA 200(550 .Mol .Wc.) / 
H12MDI / l ,4 ,Butane Diol;1 /4/3) x ISO. 
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would suggest that in the crystalline phase greater soft se~nt 
crystallinity, and in the transparent phase, reduced hard se~nt 
crystallinity, are realised by using mixed dio1 chain extenders. 
Density measurements support these findings. That mixed dio1 based 
hard se~nts provide less reinforcement than their single diol 
counterparts is also suggested by the polymer AG66 (Capa 220(2000 M.Wt)/ 
H12MDI/Mixed Dio1 : 1/2/1 reaction ratio). This material is opaque 
Whilst the corresponding single diol material is transparent. (AG2). 
A look at the other physical properties also suggest that there is 
reduced reinforcement in mixed dio1 polyurethanes. By comparison to 
their single dio1 counterparts these materials show poorer Modulus 
and Tensile strength values Whilst elongation at break is notably 
increased. Compression set values are again very poor. Finally the 
effect of changing soft se~nt molecular weight upon the physical 
properties of the mixed diol polyurethanes was similar to that described 
in the preceding section. 
4.3.3 Effect of Cross1inking 
Crosslinks produced by the use of TriMethylo1 Propane (IMP) in the chain 
extender system results in softer transparent and harder crystalline 
polyurethanes in a manner similar to that when a mixed dio1 chain 
extender is employed. These observations coupled with the density of 
values of these materials again suggests poorer hard se~nt order in 
the transparent phase and increased soft segment order in the crystalline 
phase. Generally Tensile Strengths were seen to be better with the 
thermoset materials. Much reduced modulus, elongation at Break, and 
tear strength figures were also recorded. A look at the tensile curves 
(see Fig 44) shows a marked difference between those for thermoplastic 
and those for thermoset materials, particularly as the soft segment 
length shortens, e.g. for CAPA 205 (830 Mol.Wt) polyol the thermoplastic 
profile is that of a hard and tough polymer Whilst the thermoset profile 
is much more typical of a soft and tough material. 
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The most improved physical property characteristic as a result of 
IMP crosslinking is Compression Set; very low figures, typically 
25 - 40%, but as low as 12% in some cases, were recorded. 
Crosslinks produced by tqe use of excess isocyanate have a much 
different effect on the physical properties of polyurethanes. 
Effectively this method increases the hard segment content of the 
polymers and as a result increased hardness, modulus, tensile and 
density values are seen; elongation at break is much reduced as are 
compression set figures. 
4.3.4. Effect of using a mixed polyol system. 
The use of a mixed polyol system brought about in both the transparent 
and crystalline phases a large reduction in the hardness of the polymers 
produced. Generally a 20-40 point reduction on the Shore D scale was 
observed. The reduction in hardness in the transparent phase clearly 
results from the introduction of a longer soft segment length (2000 M.Wt) 
which effectively reduces the hard segment content (and the reinforce-
ment factor). In the crystalline phase the opposite is true; the 
introduction of a 2000 M. Wt soft segment length effectively increases 
the hard segment content which thereby prevents soft segment, 
crystallisation. It is also to be expected that blends of different 
polyol molecular weights will result in irregular structures which 
will also contribute to preventing soft segment crystallisation. 
Physical properties of these polyurethanes are somewhat poorer than 
the single polyol molecular weight based materials. 
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4.4 Differential Scanning Ca10rimetry (DSC) 
A knowledge of the thermal behaviour of a polymer is essential for 
the selection of the correct processing and fabrication conditions. 
It is also required if the characterisation of a materials physical 
and mechanical properties are to be fully made. 
The field of thermal analysis has expanded rapidly in recent years 
and a variety of techniques are now available for characterisation 
work. Of these Differential Scanning Ca10rirnetry (DSC) is perhaps 
the most widely used for polyurethane study. (164)It has become a 
significant analysis technique because almost any physical and 
chemical changes in a polymer oc= with a change in entha1py and 
can therefore be followed by ca1orirnetry. (218) 
Essentially in DSC a sample and a reference are subjected to a 
continuously increasing temperature with heat being added to the 
sample or reference as necessary to maintain the two at identical 
temperatures. The added heat, Which is recorded, compensates for 
that lost or gained as a consequence of endothermic or exothermic 
reactions oc=ing in the sample. e.g. melting, cross1inking, 
degradation. A more comphrensive list of the various reaction types 
Which can occur is detailed by Bauer. (219) 
If we consider a hypothetical substance the following trace may be 
obtained; 
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A second order transition e.g. Tg is observed as a baseline shift 
(Tl ) • This indicates decreased order within the system; oolecular 
segments begin to rotate and, in so doing, engender the flexibility 
and elastorner qualities of the polymers. Endotherms (T2 + T3) 
generally represent physical rather than chemical changes. Sharp 
endotherms are typically indicative of crystalline rearrangements, 
fusions, or solid state transitions from relatively pure materials. 
More broad endotherms (T2) cover behaviour ranging from dehydration, 
to temperature dependent phase behaviours, to melting of polymers. 
Exothermic behaviour (without decomposition) (T4) is associated 
with the decrease in enthalpy of a phase or chemical system. Narrow 
exotherms usually indicate crystallisation (ordering) of a metastable 
system, Whilst broad exotherms denote chemical reactions, polymerisation 
or curing of thermosetting resins. 
4.4.1 Equipment 
Commercially two types of DSC instrument are widely available; the 
heat flux DSC (e.g. Du Pont 910 and Mettler DSC 20 or 30) and the power 
compensational DSC (e.g. Perkin Elmer and Selarum 101). For this 
present work the Du Pont 910 system was used. A simplified block 
diagram of the apparatus is shown in Fig 45. The programmer controls 
the temperature in the DSC cell (in this case over the range - l80·C 
to 725°C), While the recorder is a one or two pen X-Y or X_ylyZ type. 
A schematic diagram of the DuPont DSC cell is shown in Fig 46. The 
cell uses a constantan disc as its primary means of heat transfer to 
the sample and reference positions and as one element of the temperature 
measuring thermoelectric junctions. The sample of interest and a 
reference are placed in pans that sit on raised platforms on the 
constantan disc. Heat is transferred from the disc and up into the 
sample and the reference via the sample pans. The differential heat 
flow to the s'!ffiPle and reference is monitored by chromel-constantan Cl. re Cl 
"htr'lf.o.c:. 0\.\ b\U hhl""'Q.~ b'/hi:~Q. ~u.Y\d: loY\ fO-!- i:-'t.tlc. O,vut 0''''.,.. ... 'iI dif C o.Y\d 
a cnromel wafer t at covers t e unuersLde 0 eacb p at!orm. Cfitome 
and Alumel wires are connected to the underside of the chromel wafers, 
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FIG. 45 Simplified block diagram of the Du Pont 910 
DSC system. 
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FIG. 46 Schematic diagram of the Du Pont DSC Cell. 
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and the resultant Chromel-Alurnel thermocouple is used to monitor 
the sample temperature directly. 
4.4.2 Polyurethanes 
As was indicated at the beginning of this section a great deal of 
DSC work has been carried out upon polyurethanes. Generally these 
systems have consisted of a polyol/TDI or MDI/l,4,Butane Diol 
composition, and have shown not only glass transition base-line 
shifts but also a number of endothenns above room temperature. It 
was originally believed that these endothenns were attributable to 
hydrogen bond dissociation, but more recent studies have since 
changed these interpretations. (164)Up to three endothenns are now 
thought.to occur and are a result of changes in long and short 
ordering. Seymour and Cooper have labelled these three endotherms 
as follows;(166,173) 
1. 70-80oC 
II. 120-190°C 
IlI.+200·C 
: Disruption of domains with limited short range order. 
Dissociation of domains containing long range order. 
Melting of hard segment microcrystallites. 
They also showed that short range ordering could be improved continuously 
by annealing as evidenced by a continuous upward shift of Endotherm I 
until its merger with Endotherm 11. Greater shifts were correlated 
with higher annealing temperatures. Endotherm II could be shifted into 
the region of Endotherm III by severe annealing at long times if the 
hard block was of sufficient length to produce a microcrystalline domain. 
As shown previously Hesketh et al have proposed schematic structures for 
these orderings. (see Fig 13). More recently Blackwell has shown that 
hard segment melting peaks can be related to either contracted or 
extended crystalline forms.(172) 
Seymour and Cooper also found that during storage at room temperature, 
following quenching, an annealing endotherm, in the range of 50-80°C, 
appeared which was observed to shift to higher temperatures and grow 
in size with longer ageing times. They proposed a model in which it 
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was suggested that this endotherm resulted from the disruption 
of ordered segments. Between the completely amorphous and perfectly 
crystalline states there exists a continuum of ordered segment 
morphologies. Disruption of this ordering requires energy and 
thus an endotherm is observed. These annealing endotherms occur 
at temperatures below the crystalline melting temperature because 
the energies required for dissociation are lower due to a lower 
degree of ordering than in crystalline systems. 
Van Bogart et a1 have used thermal analysis to study annealing 
induced ordering in a variety of segmented elastomers. (178) They 
showed that, in general, annealing resulted in an endothermic peak 
at temperatures 20-S0oC above that of the temperature of annealing. 
This phenomenon was observed in both semicrystalline and amorphous 
materials and was a result of both soft segment and hard segment 
ordering. It was also shown that hard segment homopolyrners yielded 
similar results to segmented elastomers containing shorter sequences 
of the same material. This, it was concluded, suggested that 
annealing induced ordering was an intradomain phenomenon not associated 
with the interphase between domains, nor necessarily dependent on the 
chain architecture of segmented elastomers. 
One of the segmented elastomers that Van Bogart et al looked at was 
a polyurethane based on polycaprolactone/H12MDI/l,4,Butane Diol. As 
with the other types of segmented e1astomers examined in the study, 
these materials showed an annealing endotherm ascribed in this 
particular case to the disruption of ordered but non-crystalline hard 
segments, some 20-S0°C higher than the annealing temperature. This 
peak shifted to higher temperatures and grew in size as the annealing 
temperature was increased, reflecting that more ordered material was 
taking place in this thermal event. Annealing above Hard Segment Tg 
produced no endotherm because at this temperature the high degree of 
molecular mobility allows no memory of thermal treatment to be 
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retained. 
This type of behaviour was also considered in the model proposed by 
Seymour and Cooper. It was suggested that When a sample is held at 
a given temperature, ordering Which disrupts below the annealing 
temperature will be lost and those chain segments affected will 
exist in a fluid state. If, at the annealing conditions the fluid 
segments are to revert to a solid state structure, the segments 
must re-organise into an arrangement Which will be stable at the 
annealing temperature. Thus they may add to more stable, more 
ordered segments functioning as nuclei in a process rather like 
recrystallisation. It was also suggested that more stable orders 
may grow out of amorphous regions thus increasing the number of . 
ordered regions. As a result higher annealing temperatures result 
in larger endotherms as more low temperature structure is disrupted 
and reorganised with a higher degree of perfection. 
In a series of subsequent papers Which looked more closely at the 
Polycaprolactone/HI2MDI/I,4,Butane Diol system Van Bogart et al again 
reperted.annealing endotherms for all the materials they synthesised; 
(177-179)this· included both transparent and crystalline polymers 
of varying soft segment molecular weight and of various reaction 
ratios. (see Fig 47). In addition to the annealing endotherm the 
crystalline materials also exhibited a soft segment melting transition 
between approximately 50 and 60·C. 
Interestingly though, once the hard segment content in the 2000 Mol.Wt 
series of materials became high enough; i.e. 1/5/4 and above a high 
temperature endotherm (147-l57·C) was recorded. Van Bogart et al 
ascribed this to hard segment melting. No such endotherm was to be 
seen in the 830 Mol. Wt series of materials presumably reflecting the 
greater compatibility of these polymers. 
Syed also used Thermsl Analysis to look at polyurethanes based upon 
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polycaprolactone and H12MDI.(20) He reported similar results to 
those of Van Bogart et al and was also able to show that the 
annealing endotherm occurred at lower temperatures than that of 
the pure hard segment melting peak. (Supporting the views held 
by Seymour and Cooper; see previous) Syed also reported that 
thermoset materials (prepared by crosslinking with various triols) 
exhibited no annealing endotherm although he offered no explanation 
for this behaviour. 
4.4.3 Experimental Conditions 
Prior to Thermal Analysis experiments being carried out with the DSC 
apparatus a temperature calibration was made with Indium (m.p.156.6°C) 
and mercury (m.p.-39.8°C). Thermograms of the caprolactone polyols 
themselves, the as cast polyurethane sheets (after 2 weeks and 
12 months) and the moulded sheet polyurethanes were recorded. Samples 
of 5-lOrng weight encapsulated in a small aluminium pan were used 
throughout with an empty pan (air) being used as a reference. 
Investigations were carried out over a temperature range o.L.::!9QoC 
to 280°C for pol~~ and -lO_O~"C:"_1:?~og: C_~()r polyols. Cooling of 
the cell was achieved by pouring liquid nitrogen into a steel cage 
surround. A heating raj::~oL2~C/min was used for all theexper~nts 
with a steady purge of nitrogen being passed over the cell. An 
X_yly2 recorder with pen sensitivities of 5 and 10 mv/cm was used 
to plot the results. 
In many instances the glass transition temperature could not be 
located on the first plotted thermogram and as such a subsequent 
second thermogram was recorded. On reaching the temperature limit of 
the initial run the sample was rapidly cooled (first by means of an 
air purge and then liquid nitrogen) to -100°C and the test repeated. 
Invariably a Tg baseline shift would now be obtained. This technique 
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also produced some interesting changes in the nature of the 
thermogram, particularly with some of the crystalline materials, 
Where a cold crystallisation exotherm was recorded. As a consequence 
all crystalline materials were subjected to immediate retesting. 
The methods of measurement employed in the DSC Analysis are shown 
in Fig 48. 
At constant heating rates and scale sensitivities, peak areas (A) 
of endotherms (or exotherms) are proportional to the sample weight (W) 
and the amount of heat absorbed (or evolved). i.e. 
A = K.W. aHf 
Wherel:\Hf is the Heat of Fusion and K is a constant. Using a sample 
of indium <tilif Value 28.4 joules/gm) a value of 0.24 was determined 
for K. By substitution and rearrangement of the above equation values 
for the Heat of Fusion of the synthesised polyurethanes can be 
calculated. 
4.4.4 Results 
4.4.4.1 Polyols 
DSC of the caprolactone polyols was carried out to determine their 
glass transition (Tg) and melting temperatures (TIn) so that comparisons 
could then be made with the synthesised elastorners and some indication 
of the degree of phase mixing obtained. The recorded thermograms are 
shown in Figs 49 & 50 and a summary of the thermal data is given in 
Table 35. 
Perhaps the most striking aspect of the thermograms is the presence of 
two endotherms in a number of the polyols. This was not expected. In 
all cases the upper endotherm is a fairly narrow melting peak Whose 
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FIG. 48 The methods ·of. measurement employed in DSC Analysis for 
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POLYOL MOL.wr. Tg(OC) T1 (OC) TH (OC) 'I'M (OC) 
(LapoIte) t1HL t1% TJ.. (%) 'I'M (%) 
CAPA 200 550 - -50 16 20 3.35 2.28 43.7 56.3 
CAPA 205 830 -35 18 36 25 2.58 1.17 73.7 26.3 
CAPA 210 1000 -38 16 40 I 38 2.09 1.75 54.3 45.7 
; 
CAPA 215 1250 -38 19 42 40 2.00 3.54 36.0 64.0 
CAPA 220 2000 -42 17 55 47 0.25 5.55 3.4 96.6 
CAPA 231 3000 -59 
- 63 55 - 6.25 - 100 
CAPA 240 4000 -61 - 66 58 
- 6.65 - 100 
TABLE 35 Summary of Thermal Transitions seen in Laporte Po1ycapro1actones. 
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melting temperature closely corresponds to that supplied by the 
manufacturer; As such this is considered to be TM. The value of 
TM, as well as the heat of transition for this melting endotherm, is 
seen to increase in value with increasing molecular weight, and clearly 
reflects a greater realisation of order in the polyol. 
Where a lower endotherm is seen (TL) with the exception of C!lPA 200 
(550 Mol. Wt), this occurs between a temperature of 16 and 19"C and is 
of a much more broad nature than the upper melting peak. From the data 
supplied by the manufacturer TL would seem to correspond to the melting 
temperature of the 550 Mol. Wt polycaprolactone (C!lPA 200). This would 
suggest that the manufacturer has used C!lPA 200 as a "balancing agent" 
to ensure that the final polyol product has a standard Hydroxyl Number 
when going out to the customer. It must be remembered that polyols are 
sold having a hydroxyl number by which equivalent weights (and molecular 
weights) are determined for stoichiometric calculations. The amount of 
"balancing agent" added each time is of course likely to vary depending 
upon the nature of the other oligomer with which it has been blended. 
This could of course not only seriously change the morphology of the 
synthesised polyurethanes but could also seriously affect the final 
properties of the polymer. 
An attempt to quantify how much C!lPA 200 is in each of the affected 
polyols has been made by measuring the area"contained under each endotherm. 
(see Table 35). The figures show that a decreaSing amount is added as 
the (as sold) molecular weight of the polyol increases. e.g. C!lPA 210 
contains 54.3% of C!lPA 200 whilst C!lPA 220 contains just 3.4%. However, 
it should be noted that to use this type.of calculation to estimate the 
percentage of each oligomer is a little misleading because it assumes 
that the physical state of each component is the same. This is of course 
not true; lower molecular weight polycaprolactones are waxes whilst higher 
molecular weight polycaprolactones are crystalline solids. That being 
said it is reasonable to compare heats of transition for a single 
component whose physical nature is presumably the same whatever other 
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molecular weight it is blended with. A look at ColtmlIl 6 in Table 35 
shows that the calculated heat of transition for the CAPA 200 
component does indeed drop, as the molecular weight of the (as sold) 
polyol increases, and reflects a reducing content of this oligomer. 
The two highest molecular weight polyols i.e. CAPA 231 and CAPA 240 
did not show evidence of containing any CAPA 200 component. 
4.4.4.2 Polyurethanes 
DSC results obtained for the polyurethanes are summarised in Tables 
36-44 whilst typical thermograrns are shown in Fig 51. Each table is 
divided into two with the upper half relating to transparent materials, 
and the lower half, to crystalline materials. As such Tl represents 
either an annealing endotherm (in the transparent materials) or a soft 
segment melting peak (in the crystalline materials). 
It can be seen from the thermograrns drawn in Fig 51 that there quite 
clearly existed differences in behaviour between, Thermoplastic and 
Thermoset materials, and transparent and crystalline materials. These 
differences all occur above room temperature. Below room temperature 
all the thermograrns showed similar behaviour with a baseline shift 
representative of Tg being seen. (except in the case of 550 Mol.Wt 
polymers where Tg usually seen above room temperature). 
Crystalline polymers showed a soft segment melting endotherrn in the 
region 39-56°C; the exact position depending upon polymer composition. 
In all cases the soft segment melting point of the 4000 Mol. Wt based 
polyurethanes were either the same or above that of their 3000 Mol. Wt 
based counterpart. This reflects the increasing order (crystallinity) 
which can be realised with the higher molecular weight polycaprolactone. 
By comparison the transparent materials showed no such melting endotherm. 
They did however exhibit a behaviour which was dependent on the polymer 
CAST SHEET MJULDED SHEET AGED SHEET 
POLYMER 
Tg tC) T1 ee) AlLr Tg('C) Tl ('C) .1Hr Tg('C) Tl ('C) AHr 
AG72 (550) 
- 50 0.26 30 47 0:·2 31 67 0.48 
AG19 (830Y 
- 72 0.62 5 66 1.05 4 74 0.75 
AG1 (1000) -36 76 0.38 -39 69 0.45 -37 79 0.63 
AG26 (1250) -36 77 0,55 -38 69 0.24 -39 86 0.74 
AG2 (2000) -47 79 0.47 -47 74 0.67 -45 84 0.31 
AG3 (3000) -53 50 2.24 -49 44 1.02 -53 51 3.49 
AG4 (4000) -53 49 2.52 -50 50 2.51 -56 50 2.88 
TABLE 36. A summary of the thermal transitions seen in the Series A 
Polyurethanes (1/3/2 Diol), 
CAST SHEET 
POLYMER 
MJULDED SHEET AGED SHEET 
Tg fC) T1 ('C) e.·Hr Tg(t;) T1 ('C) e.Hr Tg('C) T1 fC) AHr 
AG75 (550) 16 49 0.22 19 53 0.32 17 40 0.45 
AG20 (830) 
-27 71 0.90 -27 65 0.76 -28 83 0.44 
AG6 (1000) 
-35 90 0.33 -34 87 0.27 -34 96 0.40 
AG27 (1250) 
-38 84 0.67 
-38 71 0.63 -41 92 0.65 
AG9 (2000) 
-47 80 0.37 -47 72 0.52 -48 79(1) 0.60 
AG68 (000) 
-48 52 2.85 
-42 46 2.40 -48 57 3.19 
AG7 (4000) 
-48 54 3.71 
-47 51 4.98 -52 49 3.89 
(1) showed beginnings of endothenn at 41° C. 
TABLE 37. A summary of the thermal transitions seen in the Series B 
Polyurethanes (1/3/2 Mixed Dio1). 
CAST SHEET 
POLYMER 
MlULDED SHEET AGED SHEET 
Tg fC) T1 ('C) All.r Tg('C) IT1 ('C) 14Hr Tg('C) T1 ('C) AHr 
AG76 (550) -
- - 22 
- -
AG21 (830) .-
- -
1 
- -
AGlO (1000) NOT APPLICABLE 
-35 
- -
-38 
- -
AG88 (1250) -35 
- -
-36 
- -
AG12 (2000) 
-37 
- -
-41 46(1) 
-
AGll (000) 
-40 49 4.38 
-47 50 3.17 
AG13 (4000) 
-42 52 5.28 
-51 52 4.51 
(1) showed beginnings of endotherm at 46·C. 
TABLE 38. A summary of the thermal transitions seen in the Series C 
Polyurethanes (1/3/2 Dio1 & TMP). 
CAST SHEET MOULDED SHEET AGED SHEET POLYMER 
Tg ('C) Tl ('C) AI,. Tg('C) ITl ('C) J~1lr Tg('C) T1 ('C) AIlr 
AG77 (550) 
- -
- 27 
- -
AG22 (830) 
-1 
- -
-5 - -
AGl4 (1000) 
-39 NOr APPLICABLE 
-40 - -
- -
AG29 (250) 
-33 
- -
-38 
- -
AGl7 (2000) 
-39 
- -
-41 50(1) 
-
AG15 (3000) 
-39 56 4.30 
-40 60 4.23 
AG16 (4000) 
-42 55 4.15 
-49 56 4.55 
(l~howed beginnings of endotherm at 50·C • 
• 
TABIE 39. A sllll1llary of the thermal transitions seen in the Series D 
Polyurethanes (1/3/2 Mixed Diol & TMP). 
CAST SHEET MJULDED SHEET AGED SHEET 
POLYMER 
Tg ('C) T1 (''C) A~ Tg(t;) T1(t:) c.~ Tgl'C) T1l'C) A~ 
AG41 (550) 10 58 0.17 12 61 0.21 14 67 0.64 
AG43 (830) -27 69 0.84 -33 58 0.72 -35 74 0.87 
AG37 (1000) -31 72 0.32 -37 66 0.60 -37 79 0.66 
AG42 (1250) -35 76 0.46 -37 71 0.33 -39 86 0.71 
AG40 (2000) -39 73 0.21 -44 71 0.47 -48 84 0.38 
AG38 (3000) -39 51 4.20 -44 46 2.75 -53 51 3.40 
AG39 (4000) -55 55 4.28 -54 52 3.60 -53 52 4.20 . 
TABLE 40 A surrmary of the therma-l transitions seen in the Series E 
Polyurethanes (1/2/1 Diol). 
CAST SHEET l-ilULDED SHEET AGED SHEET POLYMER 
Tg ('C) Tl ('C) ilHr Tg(C) Tl ('C) 4Hr Tg('C) Tl {C) AHr 
AG75 (550) 
- 55 0.15 28 46 0.22 33 51 0.79 
AG48 (830) 
-
65(1) 0.70 13 65 0.64 15 87 0.60 
AG45 (1000) 
-36 68 0.25 -35 63 0.32 -36 73 0.35 
AG50 (250) 
-38 67(2) 0.53 
-39 65 0.92 -38 75 0.55 
AG46 (2000) 
-43 73 0.38 
-47 71 0.48 
-44 78 0.71 
AG44 (3000) 
-52 44(3) 0.11 
-52 45(4) 0.10 
-52 44(5 0.10 
AG49 (4000) I -51 44 /1.881 -55 145 / 0.34/ -55 / 48 / 150 I 
An upper endotherm was also noted at (1) 116·C (2) 132·C (3) 78·e (4) 73·C & (5) 9S.C 
TABLE 41 A surrmary of the thermal transitions seen in the Series F 
Polyurethanes (1/4/3 Diol), 
CAST SHEET MJUlDED SHEET AGED SHEET 
POLYMER 
Tg ~) Tl ('C) AI'r Tg\'t:) TI (C) AHr Tg('C) TICe) AHr 
AG78 (550) -36 71 0.47 -38 70 0.58 -40 75 0.84 
AG53 (830) -39 70 0.35 -40 71 0.52 -49 77 0.67 
AG55 (1000) -38 69 0.45 -47 72 0.41 -47 75 0.47 
AG56 (1250) -48 68 0.36 -48 70 0.44 -50 78 0.56 
AG2 (2000) -47 79 0.47 -47 74 0.67 -45 75 0.30 
AG51 (3000) -52 39 0.26 -48 39 0.28 -52 42 0.50 
AG54 (4000) -48 43 0.15 -50 44 0.25 -48 45 0.15 
TABLE 42 A summary of the Thermal transitions seen in the Series G 
Polyurethanes (1/3/2 Mixed Po1yo1). 
.... 
00 
o 
CAST SHEET l-KlULDED SHEET AGED SHEET 
POLYMER 
Tg ('C) Tl l'C) .t.Hr Tg('C) Tl ('C) 6Hr Tg('C) Tl l'C) AHr 
AG79 (550) 22 52 0.37 28 49 0.26 28 56 0.45 
AG62 (830) 2 72(1) 0.54 1 72 0.47 -2 90 1.15 
• 
AG60 (1000) -37 66(2) 0.36 -38 68 0.38 -41 84 0.88 
AG57 (1250) -39 68(3) 0.48 -39 82 0.57 -44 98 1.56 
AG58 (2000) -47 71 (4) 0.30 -50 70 0.27 -45 78 0.43 
AG63 (3000) -51 45 1.62 -51 44 1.47 -53 48 2.10 
AG59 (4000) -54 55 2.34 -53 51 3,40 -53 55 3.56 
An upper endotherm was also noted at (1) 140·C (2) 133·C (3) 127·C and (4)134·C. 
TABLE 43 A summary of the Thermal transitions seen in the Series H 
Polyurethanes (1/3.6/2 Diol). 
CAST SHEET t-KlULDED SHEET AGED SHEET 
POLYMER 
Tg ('C) TIff:) L>1-Lr Tg('t:) T1 (C) .1Hr Tgl'C) T1 ~C) L>Hr 
AG80 (550) 10 62 0.27 12 82 0.37 9 69 0.18 
AG68 (830) -15 73 0.23 -19 70 0.21 -13 77 0.36 
AG69 (1000) -26 69 0.22 -27 73 0.17 -29 81 0.24 
AG65 (1250) -38 75 0.26 -36 76 0.38 -40 93 0.96 
AG66 (2000) -39 45 1.58 -38 40 2.05 -45 48 2.80 
AG70 (3000) -47 53 3.25 -38 45 3.17 -50 57 4.15 
AG71 (4000) -51 54 4.64 -47 49 3.37 -49 54 4.30 
TABLE 44 A summary of the thermAl transitions seen in the Series I 
Polyurethanes (1/2/1 Mixed Diol). 
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being thermoplastic or thermoset. Transparent thermoplastic materials 
generally showed one transition above room temperature; a small 
endotherm in the region 50-90·C Which corresponds to the annealing 
endotherm as described by Van Bogart et al. In some cases a second 
endotherm, usually above 110·C, was recorded and is thought to 
correspond to the .. ·limited crystallinity Which the hard segments of 
H12MDI/l,4,Butane Diol caq realise. Transparent thermoset materials, 
on the other hand, did not show any transitions Whatsoever above room 
temperature. 
Finally on second runs a lot of the crystalline materials showed cold 
crystallisation exotherma at around or below room temperature with a 
subsequent melting endotherm some ten degrees below that usually observed. 
No such behavioUr was seen with the transparent materials; however any 
annealing endotherm Which may have been present was seen to disappear. 
4.4.4.2.1 Cast Samples 
4.4.4.2.1.1 Effect of Reaction Ratio 
All three reaction ratios examined (i.e. 1/2/1, 1/3/2, & 1/4/3) showed 
that the synthesised pblyurethanes had higher Tg's than the corresponding 
polycaprolactone oligomer; an indication that some phase mixing had taken 
place. It can also be seen that as the soft segment length reduces 
from 4000 to 500 Mol. Wt that there is an increase in the glass 
transition temperature. This is in agreement with other authors working 
with polycaprolactone based polyurethanes, in particular Seefried et aI, 
Who considered this to be indicative of greater restriction upon the 
mobility of the shortening soft block length by the rigid hard blocks 
as compatibility between these two phases increases.(177,182)The 
absence of Tg Values for the 550 and 830 Mol. Wt members of the 
1/4/3 and 1/3/2 series is thought to be a result of the increased 
phase mixing preventing detection. Van Bogart et a1 reported similar 
occurences. (177) 
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With one exception, the exact nature of the change in glass 
transition temperature is in the form of a gradual increase. The 
one exception to this behaviour concerns the 550 Mol. Wt material of the 
1/2/1 series. Here the Tg Value of 100e represents a marked deviation 
from the observed trend and is thought to represent a point at where 
inversion or possibly mixing of the hard and soft segment phases 
occur. 
A comparison of Tg Values for the various reaction ratios shows that, 
in general, as the hard segment content increases there is a decrease 
in the glass transition temperature (see Table 45). This is opposed 
to the findings of Seefried et al who had showed for a Polycaprolactone/ 
MDI/l,4,BDO system that increasing the hard segment content had increased 
the Tg.(182) The interpretation of such a trend is that as the hard 
segment content is increased a higher concentration of urethane segment 
is solubilised in the softc:segment matrix raising its Tg. Van Bogart 
et al looking at the polycaprolactone/H12/MDI/l,4,Butane Diol system 
had reported similar trends in behaviour, although it is noticeable 
that one value, that for the HPCL 2000,1/4/3 reaction ratio is aberrant~177) 
(see Table 5). 
More recently, however, Speckhard et al looking at a Polyisobutylene/ 
H12MDI/l,4,Butane Diol system have recorded similar behaviour to the 
one observed here i.e. a decrease in Tg with increasing hard segment 
content.(196)As an explanation they suggested that because of the high 
degree of incompatibility between the hard and soft segments it is 
likely that only the shortest hard segments (i.e. one or two units 
length) are dispersed in the soft segment phase. Since increasing 
the hard segment content also increases the average length of the hard 
segment units (and reduces the number of short hard segments), the 
decrease in the soft segment Tg with increasing hard segment content 
may be a result of there being fewer short hard segments available 
to be dispersed in the soft segment phase. It is not unreasonable to 
consider that this explanation can also apply to the polycaprolactone 
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MOL.WT SERIES E SERIES A SERIES F 
OF POLYOL 1/2/1 1/3/2 1/4/3 
DIOL DIOL DIOL 
550 10 - -
830 -27 - -
1000 -31 -36 -36 
1250 -35 -36 -38 
2000 -39 -41 -43 
3000 -39 -53 -52 
4000 -55 -53 -51 
TABLE 45. A comparison of the Tg Values for the 
Seri~s A,E & F Polyurethanes. (1/3/2 Diol, 
1/2/1 Dio1, & 1/4/3 Dio1). 
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polyurethanes synthesised in this study. Wang and Cooper have 
recently recorded similar results in a study concerning 
polyurethaneureas. (220)That the polycaprolactone polymers synthesised 
by Van Bogart et al did not show this type of behaviour may be the 
result of a one shot method having being employed in their production. 
It has been shown that this type of production method lends to bett~r 
microphase separation (or alternatively reduced phase mixing) in the 
resultant polymer. As such because there will be less urethane soft 
segment solubilised in the soft segment matrix trends similar to those 
observed by Seefried et aI, may well be favoured. That the Van Bogart 
materials do show better microphase separation is suggested by their 
lower Tg values. 
A comparison of the soft segment melting behaviour for the different 
reaction ratios also produces some interesting results (see Table 46). 
For all three reaction ratios the 4000 Mol. Wt based materials show 
higher melting points and Heats of Fusion than the 3000 Mol. Wt based 
materials. Also as the reaction ratio changes from 1/2/1 to 1.4.3 
there is a significant drop in the melting point of the soft segment 
component (from SlOe to 44g e for the 3000 Mol. Wt materials and ssoe 
to 44°e for the 4000 Mol. Wt materials) and a significant drop in the 
amount of material involved in the transition. (see6Hf values; Table 46). 
These patterns of behaviour support the widely held view that as you 
increase the hard segment content in a polyurethane you inhibit the 
ability of the soft segment to crystallise. (177,182) 
A look at the annealing endotherms found in the transparent materials 
shows that all three reaction ratios exhibit a transition between 
50 and 80o e. As discussed previously this endotherm is considered to 
be the result of the disruption of ordered segments. Van Bogart et al 
also recorded this endotherm in their one-shot materials although 
the effect of soft segment molecular weight or reaction ratio upon the 
position of this endotherm was not detailed. However from their work 
MOLECULAR 
WEIGHT 
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MELTING POINT (. C) HEAT OF FUSION (~Hf) 
j....:0:.:.F.....:PO..:.L..::..::Ii..:.OL=--I.....:l..:..,/....,:2 /_1_· +1:..:.../~3 /..::..:2---l-=1:.:..,./ 4..,:./..:.3 -+-=1;;,.;/ 2:;./..:.1-+-=1.:....:/ 3:..:../=..2 -+ 1/4/3 
3000 51 49 44* 4.20 2.24 0.11* 
4000 55 50 44 4.28 2.52 1.88 
* This material is transparent and shows only a very slight suggestion 
of a soft segment melting peak. 
TABLE 46. A comparison of melting points and Heats of Fusion (/1 Hf) 
for the crystalline members of the Series A, E & F 
Polyurethanes. (1/3/2 Diol, 1/2/1 Diol, & 1/4/3 Diol). 
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Hesketh et al considered the dependence of this peak on phase mixing 
to be minimal. (174) Although from these studies reaction ratio has 
no discernible effect on endotherm position, there is certainly a 
• 
suggestion of soft segment molecular weight having some influence. 
In general the lower the po1yo1 molecular weight the lower the 
temperature at which the endotherm occurs. This would suggest that 
as phase mixing increases short range segmental ordering becomes 
poorer. Consideration of the amount of material involved in this 
thermal event, as measured by th~ values, shows a wide range of 
results with no apparent relationship. As such no real conclusions 
can be drawn from these results. 
Finally some, but not all, of the 1/4/3 series materials showed an 
upper endotherm in the region of 120 -130·C. This is thought to 
correspond to the melting of hard segments which have realised some 
crystallinity. Van Bogart et al recorded a similar endotherm at 
147-157·C in his higher reaction ratio materials (1/5/4 upwards). (177) 
4.4.4.2.1.2 Effect of using a mixed diol chain extender. 
Generally speaking the polyurethanes chain extended with a mixed diol 
. showed similar patterns of behaviour to their counterparts which has 
been chain extended with a single diol i.e. Glass transition temperatures 
increasing as the soft segment length decreases; distinct melting 
endotherma in the crystalline polymers; annealing endotherma in the 
transparent materials. 
A comparison of Tg's for both the 1/2/1 and 1/3/2 reaction ratios shows 
that overall mixed diol polymers have slightly higher values which would 
indicate that greater phase mixing is being achieved with this type of 
chain extender. As explained previously the more hard segment there is 
'solubilised in the soft segment then the higher a material's Tg. 
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A look at the crystalline materials shows that in all cases the mixed 
diol polymers have melting points 2-SoC higher than that of the single 
diol polymers, as well as having larger Heats of Fusion. This would 
indicate that greater soft segment crystallinity is being realised in 
these polymers. Previous trends (regarding melting points and Heats 
of Fusion) Which had been observed with the 3000 and 4000 Mol. Wt based 
polymers were again evident and in the case of the 1/2/1 Mixed Diol 
series could be extended to the 2000 Mol. Wt polymer Which was also 
crystalline. The realisation of greater soft segment crystallinity does 
of course suggest that there is greater phase separation in these 
materials. This is opposite to What had been concluded from a study 
of Tg Values. However as we will see in following sections this type 
of behaviour was also exhibited by the Thermoset materials. 
Annealing endotherms were present in all of the transparent mixed diol 
polyurethanes and they too showed similar patterns of behaviour to the 
single diol polyurethanes. The temperature at Which the endotherm 
occurred being very similar as well as being seemingly related to soft 
segment molecular weight. (though not so well seen in the 1/3/2 Mixed 
Diol series). Again the amount of material involved in this thermal 
event showed a wide range of values with no apparent relationship to 
each other. 
4.4.3.2.1.3 Effect of Cross-Linking 
1/ With 1MP 
Thermograms of the Thermoset materials were found, in the transparent 
phase, to differ from the thermoplastics in that no annealing endotherm 
was to be recorded. The absence of such an endotherm supports the view 
purported by Van Bog,f et al that annealing induced ordering was an 
intradomain phenomenon. (178)Quite clearly the introduction of a 
chemical crosslink restricts the movement of individual hard segments 
in the domain. 
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In the crystalline phase, however, very similar thermograms, Le. 
the appearance of a soft segment melting peak, were obtained. The 
temperature of this melting peak was found to be slightly higher 
than that of the corresponding thermoplastic materials, as were 
the Heat of FUsion figures. Both these results are indicative of 
greater phase separation being achieved in the thermoset polymers; 
figures for mixed diol and TMP polymers were higher than those of 
the single diol and TMP polymers. 
As had been seen with the mixed diol thermoplastic materials, glass 
transition behaviour did not support the idea of increased phase 
separation in the thermoset materials. Generally glass transition 
temperatures were lower than the corresponding thermoplastic materials 
supporting the notion that greater phase mixing was occurring in these 
polymers. 
2/ With Excess Isocyanate, 
Thermograms for these crosslinked materials were very similar to those 
obtained with the Thermoplastic polymers. In the transparent phase 
an annealing endotherm in the range 56-72°C was seen to occur as well 
as a high temperature endotherm which occurred in the range l27-l44°C. 
The appearance of a high temperature endotherm presumably reflects either 
some limited hard segment order resulting from the excess isocyanate 
present in these polymers or the'dissociation.of ~e allophqnate 
cross linking which will have formed. The appearance of an annealing 
endotherm is interesting because it would suggest that the allophonate 
type of cross-linking is not such a restraining force as regards 
inttadornain movement as that provided by the TMP type of crosslinking. 
Generally glass transition temperatures are lower suggesting that increased 
phase separation is achieved in these materials. The soft segment melting 
behaviour does to some extent support this view. (lower melting 
temperatures and lower Heats of Fusion). 
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4".4.4.2.1.4. Effect of using a mixed po1yo1 system. 
DSC Thermograms for these polymers were no different from those of 
the other thermoplastic materials. Interestingly though the recorded 
glass transition temperatures for the seven members of the series were 
all located in the range -36 to -52°C. None of the high Tg values 
usually seen with the 550 and 830 molecular weight based polymers 
were obtained and this clearly demonstrates the flexibility realised 
by the incorporation of the 2000 Mol. Wt polycaprolactone into the 
polyurethane. Also of interest is that the DSC thermograms quite clearly 
showed how the incorporation of this polyol into the formulation can also 
inhibit soft segment crystallisation; only a very small endotherm was 
recorded for this transition when the 2000 Mol. Wt polyol was used 
in conjunction with the 3000 and 4000 Mol. Wt polyols. 
4.4.4.2.2. Moulded Sheets. 
DSC Analysis of the actusl moulded sheets sent to Porton Down for 
permeation testing was also carried out to determine whether or not 
these materials had any difference in morphology from the cast sheets. 
Generally it can be said that the nature of the thermogram remained 
unchanged and all previously observed trends were again present. Values 
for the various transitions did. however. slightly differ. This was 
particularly noticeable with regard to the annealing endotherm and the 
soft segment melting endotherm where lower values were generally obtained. 
This can be considered to reflect the reduced order in the system brought 
about by the much quicker cooling cycle of the compression moulding 
method. Heats of Transition were also seen ,to be lower (as would be 
expected). The glass transition temperatures of the moulded sheets 
were also very similar to those found in the corresponding sheets 
although it was evident that some were slightly lower indicating that 
an increase in phase separation may have occurred. 
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4.4.4.2.3 Aged Sheets 
For the great majority of the aged polyurethanes examined the nature 
of the thermogram was found to be exactly the same as that obtained 
with the original cast sheets. As with the moulded sheets the 
temperature at which the various transitions took place differed 
slightly. In all cases the annealing endotherrn (where present) had 
shifted to higher temperatures (usually by between 10 and 20°C) and 
grown in size (as measured by6!I.r value) with ageing. This is i.ri 
agreement with previous findings and is a reflection of increasing 
order being realised in the polyrner.(177)Similarly the recorded increase 
in soft segment melting points and corresponding Heats of Fusion also 
reflect this increasing order. 
With regard to glass transition temperatures these are seen, in most 
cases, to have reduced (by varying amounts up to 6"c). Most interestingly 
the anomalies which had been previously recorded when comparisons 
for different reaction ratios were made were not now to be seen and 
similar trends to those recorded by Seefried et al of gradual changes 
in Tg with soft segment molecular weight, increasing hard segment content 
etc were observed. (181,182)(See table 47). Also of interest is that 
with these aged samples a complete set of results have been obtained 
for Tg Values. (previously Values for 550 and 830 Mol. Wt based polymers 
were missing). For the 830 Mol. Wt. based polymers it would appear, from 
the large differences in Tg Values that were obtained,that the 
polyurethane based on a reaction ratio of 1/2/1 is a phase separated 
material whereas those based on reaction ratios of 1/3/2 and 1/4/3 
are phase mixed materials. 
The change in Tg values over a period of time is of course a not 
unexpected one; this type of behaviour is well know in polymer systems. 
In their model Wilkes et a1 emphasised the time dependent nature of 
the domain structure in polyurethanes. (85) Because of the high viscosity 
of the system "domain purification" as they described it, will oc= 
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MOL.m SERIES E SERIES A SERIES F OF POLYOL 1/2/1 1/3/2 1/4/3 
DIaL DIOL DIaL 
550 14 31 33 
830 
-35 4 15 
1000 -37 
-37 -36 
1250 
-39 -39 -38 
2000 
-48 -45 -44 
3000 
-53 -53 -52 
4000 
-53 -56 -55 
TABLE 47. A comparison of the Tg Values for the 
Series A,E & F Polyurethanes. (1/3/2 Diol, 
1/2/1 Diol & 1/4/3 Diol) (After Ageing). 
- 195 -
slowly over a period of time and the results presented here are 
supportive of those ideas. More recentlyKwei has used DSC to 
investigate phase separation in polyurethanes and he too has found 
that the Tg of the soft phase decreases with time. (221)He proposed 
that this decrease proceeds logarithmically to a limiting value 
Which was dependent upon the annealing temperature. The decrease 
in Tg upon annealing he considered was a result of the progressive 
enrichment of soft segments in the soft phase. 
Finally it is to be noted that three of the polyurethane thermograrns 
showed marked differences in behaviour from those originally obtained. 
These were the polymers AG9, AG12 , and AGl7 all of Which were based 
on CAPA 220 (2000 Mol. Wt polycaprolactone) and had mixed diol, diol 
and 1MP, and mixed diol and 1MP chain extenders respectively in a 
1/3/2 reaction ratio. The thermograrns differred in that they now 
showed the beginnings of a soft segment melting endotherm between.1;the 
temperatures of 42 and 50·C. (see fig 52). The appearance of this 
endotherm would suggest that in the long term'these materials could 
be subject to soft segment crystallisation. This will of course mean 
that these materials would lose their transparency and would not be 
suitable for the face mask application. The corresponding single diol 
material did not show the appearance of any soft segment ageing 
endotherm. 
4.4.4.2.4 Second Run Thermograrns. 
Second thermograrns were obtained for all of the polymers using the 
method previously described. Quite different behaviour was exhibited 
depending on Whether or not the polyurethane was transparent o:r opaque. 
Transparent polyurethanes showed only a glass transition baseline shift 
so that the thermogram resembled that Which had been obtained with the 
thermoset polymers on their first run (see fig 51). The elimination 
of the annealing endotherm has been reported by a number of authors 
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working with polyurethanes systems.(173,176-S)It is brought about by 
the rapid retest after sample quenching which results in there being 
no time for any redevelopment of segmental order. 
By comparison the crystalline polyurethanes show a much different 
behaviour with the appearance of a cold crystallisation exotherm. 
(see fig 53) below room temperature. No report of a cold 
crystallisation exotherm has been made for the Polycaprolactone/ 
H12MDI system before but this phenomenon has been seen with other 
polyurethane systems (200) as well as other polymers; most cornnonly 
PolyEthyleneTerephthalate (PET). (222)A summary of this thermal event 
is given in Table 4S. 
Cold crYstallisation occurs in high polymers, on heating, at 
temperatures far below the melting point but above the glass transiti6rL~ 
temperature. ·It is assumed to involve the nearest neighbouring chain 
units in the amorphous region and such crystallisation occurs without 
molecular rearrangernents and leads to the production of small crystallites. 
With continued heating these crystallites subsequently melt producing 
an endotherm at temperatures below the normal melting point. 
Of the crystalline polyurethanes that were synthesised during this 
research programme all of those based on the 4000 Mol. Wt polycaprolactone 
produced cold crystallisation exotherrns. However, only two of the 
3000 Mol.· Wt based materials showed a similar behaviour. These were 
the polymers with the lowest hard segment content i.e. based on a 
1/2/1 reaction ratio. Clearly hard segment content influences the 
ability of a polymer to cold crystallise. Further evidence of this 
can be seen by comparing the reaction ratios 1/4/3. 1/3/2. and 1/2/1 
The values for 6.Hfcc i.e. the amount of material taking part in the 
cold crystallisation process falls from 2.07 to 1.34 to.0.66 as the 
hard segment increases. This can also be well seen by looking at the 
respective therrnograrns (see fig 53); the temperature at which the cold 
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(a) 4000 Molecular Weight 
CODE POLYMER 
COMPOSITION 
AG4 1/3/2 Dio1 
AG7 1/3/2 Mixed 
Dio1 
AG13 1/3/2 Diol & 
1MP 
AG16 1/3/2 Mixed 
Dio1 & 1MP 
AG39 1/2/1 Diol 
AG49 1/4/3 Dio1 
AG64 1/3.6/2 Dio1 
AG71 1/2/1 Mixed 
Di01 
(b) 3000 Molecular Weight 
CODE 
AG38 
AG70 
POLYMER 
COMPOSITION 
1/2/1 Dio1 
1/2/1 Mixed 
Dio1 
1m1 Tcc 
51 -10 
57 -1 
52 1 
56 -20 
52 -26 
48 -4 
55 -4 
54 -23 
51 -1 
5.7 0 
1m2 AIlf1 Allfcc AIlf2 
42 2.88 1.34 1.98 
44 3.89 1.67 2.20 
42 4.51 1.61 1.83 
41 4.54 1.87 2.28 
40 4.18 2.07 2.80 
40 1.50 0.66 0.92 
40 3.56 1.10 1.32 
43 4.13 2.21 3.32 
39 3.85 2.01 2.00 
41 4.15 1.72 2.14 
TABLE 48. A summary of the thermal events for the first 
and second runs of the crystalline materials 
Which exhibited cold crystallisation exotherms. 
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crystallisation exotherm takes place moves to the right with 
increasing· hard segment content. 
The use of a mixed diol chain extender, or the use of TMP as a 
cross-linking agent is seen to bring about higher values for 6Hf cc 
indicating perhaps that more soft segment is available to participate 
in the event. (This supports previous findings regarding these materials). 
Interestingly, the thermoset polymer prepared by using ZO% excess of 
HIZMDI has a smaller b.Hfcc value. 
4.4.4.Z.5 Relative Crystallinity 
Because no values for 100% crystallinity for the various polycaprolactone 
molecular weights were available no calculations to determine "Absolute 
Crystallinity" could be made. However, as Hu et al have shown, it is 
possible to calculate values for ''Relative Crystallinity". (ZZ3) This 
is done by comparing Heats of Fusion for the pure polyol with those 
of the actual crystalline polyurethanes themselves. Using this method 
they were able to propose a new criterion for determining phase 
separation in polyurethanes. As such it has therefore beencapplied 
to the polymer synthesised in this study, and the results are shown 
in Table 49. An example of a calculation for ''Relative Crystallinity'~ 
is as follows; 
. POLYMER AG3 - 3000 Mol.Wt polycaprolactone 0/3/Z) 
Heat of Fusion for pure polyo1 = 6.Z5 Joules/gm 
Heat of Fusion for AG3 
Relative Crystallinity 
= 2.52 Joules/gm 
2.52 100 
= b.25" x T .. 40.3% 
The results obtained confirm what the Heats of Fusion had suggested 
in the way of trends. Generally the CAPA 240 based materials develop 
more crystallinity than CAPA 231 based materials. Whilst the greater 
SERIES A SERIES B SERIES C SERIES D SERIES E SERIES F SERIES G SERIES H POLYOL 1/3/2 1/3/2 1/3/2 1/3/2 1/2/1 1/4/3 1/3/2 1/3.6/2 i"llL.Wr. DIOL MIXED DIOL MIXED DIOL DIOL MIXED DIOL DIOL & 1MP DIOL & 1MP POLYOL 
2000 
-
- - - -
- - -
3000 40.3 45.6 70.1 68.8 67.2 6.4 4.2 25.9 
. 
4000 33.7 55.8 81.0 62.4 64.4 28.3 1.5 35.2 
TABLE 49. The Relative Crystallinity of the opaque polyurethanes (Cast Samples). 
SERIES I 
1/2/1 
MIXED 
DIOL 
28.5 
52.0 
69.8 
N 
o 
...... 
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the hard segment content in a polymer the less crystallinity that 
is developed. The use of a mixed diol chain extender or 1MP in a 
formulation results in greater soft segment crystallinity. Hu et al 
would consider this to be evidence of increased phase separation in 
these materials. The use of a mixed polyol system considerably 
reduces the amount of soft segment crystallinity that is realised. 
Using this method it is also possible to calculate values of 
Relative Crystallinity for Moulded-Bamples and Aged Samples. (see 
Tables 50 & 51). It can be seen that moulded samples have smaller 
Relative Crystallinity values (as a result of a much quicker cooling 
rate being employed in their production) whilst aged samples have higher~­
Relative Crystallinityyvalues (as a result of increasing order ocurring 
with time). 
SOFl' SERIES A S!;lUES B SERIES C SERIES 0 SERIES E SERIES F SERIES G SE[UES H 
SEGMENT 1/3/2 1/3/2 1/3/2 1/3/2 1/2/1 1/413 1/3/2 1/3.6/2 
I-IlL.Wf • OWL MIXEO OWL MIXED OWL OWL MIXED OlOL 
OWL & 1MP OWL & 1MP fOl,YOL 
2000 - - - - - - - -
3000 55.8 51.0 50.7 67.7 54.4 8.0 . 1.6 33.6 
4000 43.3 58.5 67.8 68.4 63.2 2.3· 22.5 53.5 
. TABLE 50. The Relative Crystallinity of the opaque polyurethanes (After Ageing). 
SERIES I 
1/2/1 
MIXED 
OIOL 
50.5 
66.4 
64.7 
N 
o 
w 
.. 1 
SOFl' 
SEnlENr 
IIlL.IIl'. 
2000 
3000 
4000 
• 
. .. 
SERIES A SERIES B SERIES C SERIES 0 SERIES E SERIES F SERIES G SElUES 11 SERIES I 
1/3/2 1/3/2 1/3/2 1/3/2 1/2/1 1/413 1/3/2 1/3.6/2 1/2/1 
OIOL MIXED DIOL MIXED DIOL DIOL MIXED DIOL MIXED 
OIOL & TMP OIOL & TMP l'OLYOL .DIOL 
- - - - - - - - 36.9 
16.3 19.2 - - 44.0 1.6 4.5 23.5 50.7 
37.7 74.9 - - 54.2 5.1 3.8 51.1 50.7 
rABLE 51. The Relative Crystallinity of the opaque polyurethanes (Moulded Samples). 
, 
• 
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4.5 Dynamic Mechanical Thermal Analysis (DMTA) 
DMTA is becoming an increasingly important technique used in the 
determination of polymer morphology. In dynamic mechanical tests 
the polymer is subjected to cyclic deformation and the stress and 
strain are monitored. The assessment of the dynamic properties of 
a polymer, the damping factor (Tan b) and the storage modulus 
.('£' or G'), essentially reveals all motional and structural transitions 
over a recorded temperature· range. (224,225)The general effect of 
temperature on storage modulus and Tan b is shown in Fig.54. Below. 
Tg the glassy state prevails with modulus values in the order of 
1010 dyne crn~3 for unfilled polymers. A rapid decrease in modulus 
is seen as the temperature is increased through the glass transition 
region. For a linear amorphous polymer which has not been crosslinked 
a short rubbery or plateau region followed by a further drop in, 
modulus is Usually recorded. (Curve 1. Fig 54). Cross 1 inking will 
cause the modulus to remain nearly constant with increasing temperature 
at about two or three decades below that of the glassy state (Curve 2. 
Fig 54). In contrast a sernicrystalline polymer maintains high modulus 
through the glass transition region and up to the crystalline melting 
point where the structural integrity of the crystal lites is destroyed. 
(Curve 3. Fig 54) 
Whilst generally there is a fall in modulus through the glass transition 
region the damping peak by comparison, is seen to rise to a maximum. 
This occurs because the initiation of micro-brownian motion of the 
molecular chains (as the temperature rises through the glass transition 
region) allows greater damping to be achieved. The damping peak seen 
at this point is usually the largest recorded and is termed thee< peak. 
The magnitude of the 0( peak is much higher in an amorphous polymer than 
in semi-crystalline polymers because of greater chain freedom. 
The ~ peak is not the only relaxation that can be seen. often at lower 
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temperatures second (j3 peak) and third (<?\. peak) damping peaks can 
be observed. The magnitude of the~ peak is small in comparison with 
the peak and is usually associated with motion about the chain 
backbone of a relatively small number of monomer units or with 
motion of side groups. Likewise the 0 transition is also small in 
magnitude and is thought to relate to side group motion, end group 
rotation, backbone chain motion of short segments or groups and phase 
separation of impurities or diluents;' 
4.5.1 Equipment 
The IMrA Equipment used in the experiments was manufactured by Polymer 
Laboratories. Basically this consists of; 
1/ A mechanical measuring head which houses the sample in a 
temperature enclosure (see Fig. 55) where it is subjected to a small 
amplitude sinusoidal oscillation. 
2/ A dynamic analyser. This computes the dynamic storage moduli 
(E' or G') and damping (Tan £ ) • A geometry constant for the sample 
can be dialled into the apparatus to give absolute moduli. On board 
microprocessors drive current to hold strain at pre-selected levels 
and analyse signal amplitudes and phase. The driven frequency technique 
allows measurement at a number of fixed frequencies from 0.03 Hz 
to 90 Hz. 
3/ A temperature programmer. This provides versatile programmed 
heating or cooling from -150·C to 300·C at various scanning rates. Sub 
ambient control requires the use of liquid nitrogen. 
4/ A plotter. An X-YY' plotter draws the Tan 8 and modulus curves 
simul taneousl y • 
4.5.2 Polyurethanes 
,As a research tool IMrA has been extensively used by a great number 
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number of workers investigating polyurethane morphology. For 
example Seefried et al established some basic principles as to the 
effect of variations in soft segment length, hard segment content, 
and isocyanate structure in thermoplastic polyurethanes. (181-183) 
More recent researchers have used DMTA to investigate such wide 
areas of polyurethane interest as adhesives, (226)crosslinked 
crystalline systems,(227)polybutadiene based systems, (19I,196)and 
energy absorbing polymers. (228) 
In segmented polyurethanes the low temperature transition can be 
related to the glass transition in the amorphous soft segment rich 
phase. (166)When this phase is relatively pure in soft segments the 
correlation between the storage modulus transition and the glass 
transition of the soft segment homopolymer.is very good. The high 
temperature transition correlates well with the temperature at which 
the hard segment rich domains disrupt. Higher purity in these domains 
shifts the transition to higher temperatures approaching the softening 
temperature of the hard segment homopolymer. Sample composition, 
segmental length, inherent intersegment solubility, and sample 
preparation method influence the degree of phase separation and 
thereby the shape and temperature location of the dynamic mechanical 
transition points. Phase mixing between domains is indicated by a 
decreased slope in storage modulus transitions and by broadened loss 
pea~. 
Of all the work carried out on polyurethanes only one group of 
researchers - Van Bogart et al - have published results concerning the 
Polycaprolactone/HI2MDI/I,4,Butanediol system.(177,179)These are shown 
in Fig 56. It can be seen that for the HPCL 2000 series (i.e. those 
based on 2000 Mol.Wt polycaprolactone) the slope of the storage modulus 
curve (E') (above Tg temperatures) increases with increasing hard 
segment content. The relaxation related to soft segment behaviour has 
an onset at roughly -60·C followed closely by a peak at -30·C which 
is independent of hard segment content. (i.e. Tg is constant). The 
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steep slope of the low temperature side of the relaxation indicates 
that the bulk of the soft--segment domains are relatively pure. By 
comparison the high temperature sides of the peak are skewed and 
extend to approximately 40·C. This indicates a certain degree of 
hard segment/soft segment mixing most probably at the domain interface. 
The magnitude of the peak is seen to decrease with hard segment 
content. Generally then these results describe an incompatible system 
Whereby the hard and soft segment domains exist in a two phase morphology 
with only a minor degree of mixing. The hard segment domains can be 
said to behave as filler particles and therefore act as reinforcement. 
The dynamic mechanical behaviour of the HPCL 830 series (i.e. those 
based on 830 Mol.Wt polycaprolactone) exhibits aspects of both compatible 
and incompatible materials. At low hard segment contents the samples 
showed a single relaxation Which shifted to h~er temperatures as 
hard segment increased. However at high hard segment contents the 
HPCL 830 materials exFtiDited both a soft'_segment and hard segment 
relaxation; This type of behaviour is characteristic of incompatible 
materials. 
Van Bogart et al suggested that the classification of the aforementioned 
materials as either compatible or incompatible was not a strict one; 
more these terms designate the extremes of possible segmented elastomer 
morphologies. A real material can be expected to exhibit aspects of 
both types of behaviour. Hard and soft segment domains will behave 
somewhat independently each displaying characteristic thermal and 
mechanical behaviour analagous to an incompatible system. It was 
concluded that the transition zone between these two types of domain 
will have the characteristics of a compatible system. 
4.5.3 Experimental 
DMTA was carried out on all of the polyurethane materials synthesised 
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using the equipment manufactured by Polymer Laboratores (as previously 
described in section 4.5.1) Test specimens were at least 12 months 
old and approximately 60 x 8 x 2mm in size. This produced a geometry 
constant of between -2.500 and -3.500 to be inputted into the analyser. 
Operating conditions were 1 Hz frequency and a heating rate of 4'C/min. 
Measurements were taken from -lOO'C until it was no longer practical 
to operate the apparatus. This occurred when log modulus fell below 
106 dynes cm-2; for thermoplastics this typically occurred between 
70 and 100·C and for thermosets between 150 and 250'C. Figs 57 & 58, 
detail how the transitions Tg and Tan S, (max) were measured. As a 
guide to the width of the Tan S cure (and therefore an indication of 
the amount of phase mixing) an arbitary measurement (Range·C) was 
taken where Tan S (max) intercepted the curve (T3-Tl in Fig 58). The 
upper melting tempe~ature Tm was determined in the same manner as Tg. 
4.5.4 Results 
These have been summarised in Tables 52-60. 
For any given series of polyurethane it can be seen that the glass 
transition temperature falls as the polyol molecular weight increases. 
This is in agreement with the results obtained by DSC Analysis. A 
look at,a typical set of log modulus curves (see Fig 59) reveals some 
characteristic trends which are very much in agreement with previously 
bl ' h d 1 (177,181-3) • . . h pu l.S e resu ts. In tne, amerphou:s phas~ l.t ca!! be seen t at 
the slope of the log modulus curve moves to the right and increases 
in slope as the polyol molecular weight decreases from 2000 to 550. 
This reflects a change in morphology from an almost 'totally phase 
separated to a phase mixed material. In the crystalline phase the log 
modulus curves are much different in nature maintaining a high modulus 
through the glass transition region and up to the crystalline melting 
point where a dramatic fall in modulus occurs (see Fig 60). 
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Tg ("C) Tl <"C) Tan Tan Range POLYMER Delta Delta (OC) 
Max Max eC) 
AG72 (550) 51 82 1.14 62 12 
AG19 (830) -10 51 0.32 25 58 
AGl (1000) -9 60 0.46 28 51 
AG26 (1250) -33 60 0.40 -13 44 
AG2 (2000) -41 65 0.39 -28 37 
AG3 (3000) -43 36 0.25 -33 28 
AG4 (4000) -43 40 0.10 -20 -
TABLE 52 A SUIJITIary of the IMI'A events for the Series A 
Polyurethanes. (1/3/2 Diol) 
Tg (·C) T1 (OC) Tan Tan Range POLYMER Delta Delta (OC) 
Max Max ~) 
/;.(;,75 (550) 39 80 1.17 52 14 
AG20* (830) 
-7 60 0.52 20 52 
AG6 * (1000) -5 69 0.63 , 33 39 
AG27 (1250) -28 63 0.46 0 38 
AG9 (2000) -40 60 0.44 -26 35 
AG8 (3000) -40 37 0.11 14 -
AG7 (4000) -37 41 0.095 16 -
TABLE 53 A sUmmary of the DMTA events for the Series B 
Polyurethanes (1/3/2 Mixed Diol) 
* These materials also showed a~ transition at -42°C. 
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Tg (~c) T1 t·C) Tan Tan Range POLYMER Delta Delta (OC) 
Max Max ('C) 
AG76 (550) 57 240 1.02 67 15 
AG21 * (830) 10 250 0.89 32 27 
AG10 * (1000) 11 214 0.82 31 26 
AG28 (1250) -15 221 0.78 10 36 
AG12 (2000) -32 192 0.54 -5 43 
AGll (3000) -37 41 0.14 23 -
AG13 (4000) -39 42 0.12 2 
-
TABLE 54 A summary of the DMTA events for the Series C 
Polyurethanes (1/3/2 Diol & TMP) 
Tg (OC) T1 (OC) Tan Tan Range POLYMER Delta Delta (OC) 
Max Max ('C) 
AG77 (550) 52 240 1.11 64 17 
AG22 * (830) 12 170 0.89 35 28 
AG14 * (1000) 4 220 0.92 33 30 
AG29 * (1250) -8 209 0.76 18 33 
AG17 (2000) -31 218 0.50 -3 38 
AG15 (3000) -40 44 0.11 47 -
AG17 (4000) -39 45 0.11 47 -
TABLE 55 A sUmmary of the DMTA events for the Series D 
Polyurethanes (1/3/2 Mixed Diol & TMP) 
* These materials also show a0 transition at 
-42°C. 
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Tg ("C) T1 ('-C) Tan Tan Range POLYMER Delta Delta (OC) 
Max Max ('C) 
AG41 (550) 23 81 0.62 41 27 
AG43 (830) -22 45 0.40 -2 41 
AG37 (1000) -22 55 0.54 -4 38 
AG42 . (1250) -29 67 0.60 -15 23 
AG40 (2000) -37 61 0.75 -26 18 
AG38 (3000) -39 39 0.105 - -
AG39 (4000) -37 39 0.11 -15 -
TABLE 56 A summary of the DMTA events for the Series E 
Polyurethanes (1/2/1 Dio1) 
Tg ("C) T1 (OC) Tan Tan Range POLYMER Delta Delta (·C) 
Max Max CC) 
AG74 * (550) 41 120 1.40 52 10 
AG48 (830) 14 80 0.67 33 24 
AG45 * (l000) 17 105 0.62 41 31 
AG50 (1250) -26 114 0.64 28 80 
AG46 (2000) -32 120 0.74 25 72 
AG44 (3000) -45 100 0.56 -34 27 
AG49 (4000) -46 38 0.40 -36 85 
TABLE 57 A sUmmary of the DMTA events for the Series F 
Polyurethanes (1/4/3 Dio1) 
* These materials also showed a ~ transition at -42°C. 
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Tg (oC) T1 (OC) Tan Tan Range POLYMER Delta Delta (OC) 
Max Max ~) 
AG78 (550) -32 55 0.28 10 61 
AG53 (830) -35 42 0.31 9 67 
AG55 (1000) -33 51 0.42 -17 45 
AG56 (1250) -30 67 0.24 -17 70 
AG2 (2000) -41 65 0.39 -28 37 
AG5l (3000) -43 40 0.45 -32 25 
AG54 (4000) -45 38 0.39 -35 28 
TABLE 58 A summary of the DMTA events for the Series G 
Polyurethanes (1/3/2 Mixed Polyol) 
Tg (OC) Tl (OC) Tan Tan Range POLYMER Delta . Delta (OC) 
Max Max ('C) 
AG79 (550) 42 80 0.93 54 20 
AG62 (830) 13 78 0.18 49 68 
AG60 . (1000) 7 95 0.43 35 38 
AG57 (1250) -32 68 0.21 15 43 
AG58 (2000) -40 57 0.27 -20 40 
AG63 (3000) -41 39 0.11 - -
AG64 (4000) -43 40 0.07 - -
TABLE 59 A summary of the DMTA events for the Series H 
Polyurethanes (1/3.6/2 Diol) 
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POLYMER Tg ("C) Tl (0 C) Tan Tan Range Delta Delta 
Max Max ~C) (0 C) 
AG80 (550) 24 83 1.13 36 15 
AG68 (830) -5 69 0.62 12 24 
AG69 (1000) -12 60 0.85 5 22 
AG65 (1250) -22 55 0.68 -9 28 
AG66 (2000) -30 39 0.20 3 58 
AG70 (3000) -36 40 0.12 - -
AG71 (4000) -38 43 0.08 - -
TABLE 60 A summary of the DMTA events for the Series I 
Polyurethanes (1/2/1 Diol) 
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A look at a typical set of damping curves also reveals some trends 
characteristic of all the polyurethane series synthesised. In the 
amorphous phase the magnitude of Tan S (max) falls to a minimum as 
typically the polyol molecular weight decreases to 830. At this 
point it then begins to rise again quite markedly so that the 550 
Mol. Wt polyol based urethanes usually exhibit the maximum recorded 
Tan S value. These results support the indication given by the log 
modulus curves that a change in morphology occurs as polyol molecular 
weight decreases. Damping curves for the crystalline materials are 
IIl\.lch different in form (see Fig 60) being very broad and small in 
magnitude and clearly reflect the absence of any amorphous material. 
In addition to the major soft se~nt relaxation some of the polyurethanes 
examined showed evidence of a second ahd'IIl\.lch smaller relaxation. 
(polymers marked ~, in Tables 52-60). This relaxation could only be 
detected When the sensitivity of the equipment was large and generally 
occurred at -42°C. Its form depended very IIlI.lCh upon the soft se~nt 
molecular weight of the polyurethane involved; at low soft se~nt 
molecular weights (i.e. 550-1000) it appeared as a discrete peak 
Whilst at high soft se~nt molecular weights it was seen as a shoulder 
to the major relaxation. No previous research work on polycaprolactone 
based polyurethanes has recorded any similar relaxation although 
Van Bogart et al did relate a relaxation at -130°C to the local mode 
motions of the methylene sequences in the caprolactone soft se~nt~177) 
It would seem likely,therefore, particularly in view of the DSC work 
discussed previously, that this relaxation relates to the morphology 
of the caprolactone polyols and could possibly represent the motion 
of a small number of monomer units. 
4.5.4.1 Effect of Reaction Ratio 
The results showed that the effect of reaction ratio depends very 
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much upon the soft segment molecular weight. At high soft segment 
molecular weights (i.e. 3000 and 4000), as previous sections have 
illustrated, increasing the reaction ratio results in reduced soft 
segment crystallisation until eventually the polyurethane becomes 
transparent. This change in morphology is well shown by the DMTA 
method. (see Fig 61). The log modulus and Tan & curves change fron 
being typically crystalline (at 1/2/1) to typically amorphous in 
character (at 1/4/3). The middle member of this series can be best 
described as semi-crystalline. With increasing flexibility of the 
polyurethanes there is a reduction in glass transition temperature 
and log modulus slope and a corresponding increase in the damping 
factor. 
At lower soft segment molecular weights (i.e. 200 and 1250) increasing 
the reaction ratio brings about an increase in the ]m of the hard 
segments and also an increase in the slope of the log modulus curve 
(see Fig 62). This is generally characteristic of an incanpatible 
system Whereby the hard segment danains behave as filler particles 
and act as reinforcement. Van Bogart et al in their work on similar 
systems also showed that, at these molecular weights, because of the 
phase separation there is little change in the glass transition 
temperature as the reaction ratio is increased. (177)However, the 
results obtained here (see Table 61) do indicate that some phase 
mixing is taking place. These differences can be ascribed to the 
two different methods of synthesis used; Van Bogart et al used a 
one shot technique Which favours greater phase separation than the 
two step method used in this study. This is also suggested by the 
~ature of the damping curves Which show, as the reaction ratio is 
!Kt~Qa.H.~ .cL ~,.,.tldbil\Qt a."d tl tte.dl.ldio.¥l.i.1'I tIIQQlljtuJo. nis.;J cI"a.: rolHQ. lilCreaS€' lil s~ze ana ~n erconnec ~VH:y- or· 1:ne· nara !;e-grnerlt~· aoma~ns 
as the sample composition changes.(229)The shift of the damping peak 
to higher temperatures with increasing hard segment length can be 
attributed to a greater fraction of hard segments dissolved in the 
soft phase. (229) 
At soft segment molecular weights of 830 and 1000 the characteristics 
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, 
SOIT Tg(OC) T (OC)(l) 1 Tan b (Max) Range (oC) SEGMENT 
illL.wr. 
1/2/1 1/3/2 1/4/3 1/2/1 1/3/2 1/4/3 1/2/1 1/3/2 1/4/3 1/2/1 1/3/2 1/4/3 
550 23 51 51 61 82 120 0.62 1.14 1.40 27 12 10 
830 -22 -10 14 55 51 80 0.40 0.32 0.67 41 58 24 
1000 -22 -9 17 55 60 105 0.54 0.46 0.62 38 51 31 
1250 -29 -33 -26 67 60 114 0.60 0.40 0.64 23 44 80 
2000 -37 -41 -32 61 65 120 0.75 0.39 0.74 18 37 72 
* * * 36* 3000 -39 -43 -45 39 >100 * * 0.11 0.25 0.56 
-
28* 27 
* * * * 40* )~ * * * * 4000 -37 -43 -46 39 36 0.11 0.10 0.40 - - 85 
(1) For amorphous materials this represents the melting of hard segments. For crystalline materials 
(*) this represents the melting of soft segments. 
TABLE 61. The effect of Reaction Ratio u~n the DMTA characteristics of some 
Polycaprolactone/H12MDI/l,4,Butane Diol Polyurethanes. 
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of both compatible and incompatible systems are exhibited. At low 
reaction ratios (i.e. 1/2/1 and 1/3/2) a similar situation to that 
just described occurs i.e. evidence of filler reinforcement (see Fig 63). 
However at a 1/4/3 reaction ratio" there is a marked change in behaviour 
with evidence now of compatibility between the hard and soft se~nt 
phases. This produces a marked increase in the damping curve and a 
change in the log modulus curve. Seefried et al reported similar 
findings with their Polycaprolactone/MDI/l,4,Butane Diol System~181-3) 
All of the polymers based on soft se~nt molecular weights of 550 showed 
evidence of compatibility; a large relaxation in the positive temperature 
region and a log modulus curve Which is typically thermoplastic in 
nature. The magnitude of the hard se~nt relaxation is seen to 
increase from 0.063 at 1/2/1 to 1.43 at 1/4/3. This can be considered 
to be a very high damping value for a polyurethane. 
4.5.4.2 Effect of Mixed Diol Chain Extender 
Essentially polyurethanes chain extended with mixed diols show the 
same DMTA characteristics as those chain extended with a single diol. 
A typical comparison is shown in fig 64. The shape of the damping 
curve is almost identical; being steep on the low temperature side 
(which indicates that the bulk of the soft se~nt domains are relatively 
pure) and skewed on the high temperature side (Which indicates a certain 
amount of hard se~nt/soft se~nt mixing most likely at the domain 
interface). Damping maxima are generally higher than their single diol 
counterparts indicating a more phase mixed polymer. This results from 
poorer hard se~nt organisation which imparts less restriction on the 
soft se~nts. (163)Poorer hard se~nt organisation is also suggested 
by the reduced log modulus slope, reduced (albeit small) plateau 
modulus, and the reduced Tm values of the transparent materials. 
Consideration of glass transition temperatures shows that in general 
mixed diol polyurethanes have higher values. This is consistent with 
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DSC findings, and suggests a greater solubility of hard segment in 
the soft segment phase (i.e. increased phase mixing). Also consistent 
with DSC findings is that at higher soft segment molecular weights 
(i.e. 3000 and 4000) mixed diol polymers develop greater crystallinity. 
This is shown by enhanced log modulus curves through the glass transition 
region (see fig 65) lower damping maxima, and slightly higher soft 
segment melting temperatures. 
4.5.4.3 Effect of Cross-Linking 
1/ With IMP 
The use of IMP as a crosslinking agent has a marked effect upon the 
DMTA behaviour of the synthesised polyurethanes. Mo?t notably it can 
be seen (Fig 66 and Table 62) that a distinct plateau modulus develops 
after the glass transition region which extends to temperatures of 
150·C and above. This retention of physical integrity results solely 
from chemical cross-linking. There is a trend which suggests that 
the shorter the soft segment length the higher the temperature to 
which the integrity is maintained. Also it can be seen that the shorter 
the soft segment length the greater the enhancement there is of the 
rubbery modulus. Both these observations can be considered due to an 
increase in the relative size and interconnectivity of the hard segment 
domains as the sample composition changes from a predominantly soft 
segment to a predominantly hard segment material. (229) 
A look at the damping peaks of the thermoset polyurethanes also shows 
some notably different behaviour. Generally their maxima are greater 
than the corresponding thermoplastics which (as noted previously) can 
be considered to arise from poorer hard segment organisation having 
a less restrictive effect on the soft segments. Mixed Diol thermosets, 
as expected, had higher Tan S values. Unlike the thermoplastics, 
however, there is to be seen a slight increase (rather than a decrease) 
in the magnitude of the damping peak as soft segment molecular weigh~ 
--' 
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SDPI' Tg(' C) T (GC) (1) Tan' (Max) Range ('C) SEGMENr 1 
t-DLECULAR Dial Dial & M.Dio1 Dial' Dial M.Dio1 Dial Dial M.Dio1 Dial Dial M.Dio1 WEIGHT 1MP & 1MP & 1MP & 1MP &1MP & 1MP & 1MP & 1MP 
550 51 57 52 82 +240 240 1.14 1.02 1.11 12 15 17 
830 
-10 10 12 51 +250 170 0.32 0.89 0.89 58 27 28 
1000 
-9 11 4 60 214 220 0.42 0.82 0.92 51 26 30 
1250 -33 -15 -8 60 +170 209 0.33 0.78 0.76 44 36 33 
2000 
-41 -32 -31 65 +192 218 0.39 0.54 0.50 37 43 38 
3000 * -43 -37 -40 36 41 44 0.25 0.14 0.11 28 - -
4000 * -43 -39 -39 40 42 45 0.10 0.12 0.11 
- - -
(1) For amorphous materials this represents melting of hard segments. For crystalline materials (*) 
this represents the melting of soft segments. 
TABLE 62. The effect of Crosslinking '(with TMP) upon the DMTA characteristics of 
Polycaprolactone/H12MDI based polyurethanes. 
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decreases. This is unusual but the trend was seen in both series of 
thermoset materials, and would suggest, that chemical crosslinking 
helps maintain damping capabilities. 
DMTA results regarding glass transition temperatures and soft segment 
crystallisation were again found to be in agreement with those 
obtained by DSC analysis. i.e. increased phase mixing and increased 
soft segment crystallisation, in the thermoset polyurethanes. Similar 
evidence to that discussed in the previous section on mixed diol 
polyurethanes was found. 
2/ With excess Isocyanate 
Crosslinking by the use of excess isocyanate produces a much different 
effect to that just described upon DMTA behaviour. Most notably the 
thermoplastic nature of the polyurethane is maintained (as is shown 
by the lack of any distinct plateau modulus). There is however an 
improvement over 'true' thermoplastic materials as regards hard segment 
melting temperatures; on average these are raised by 30°C. 
Glass transition temperatures are very similar to the Series A 
materials 0/3/2 Diol) where soft segment. length is long (Le. > 1250). 
However at short soft segment lengtha Tg's became noticeably higher 
as hard segment domains beccme more interconnected. Damping curves 
are also seen to be more broad than those of the thermoplastic materials. 
This reflects the increased hard segment content of these polyurethanes. 
4.5.4.4 Effort of Mixed Polyol 
As previous sections have shown, the use of a mixed polyol at high soft 
segment molecular weights, helps prevent crystallisation. Consequently 
DMTA behaviour becomes more amorphous in character with distinct 
- 233 -
damping peaks and loss of modulus enhancement through the glass 
transition region now being seen (see fig 67). 
In the amorphous phase the mixing of two soft segment molecular 
weights causes disruption to the ability of the hard segments to 
form discrete phases. As a result weaker materials with more phase 
mixing occur; this is shown by a less reinforced modulus slope and 
a more broad damping curve. (see fig 68). The presenca of 50% 
2000 Mol. Wt po1ycapro1actone in the formulations also brings about 
much lower glass transition temperatures for these polymers. This is 
particularly well seen where short soft segments (i.e. 550 and 830) 
form the other mixed po1yo1 component and of course reflects the 
increased flexibility that these polyurethanes now possess. 
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4.6 Wide Angle X-Ray Diffraction (WAXD) 
Wide Angle X-Ray Diffraction (WAXD) is used to measure the spacings 
between any ordered planes in a material anJ hence detennine the 
geometry of the regularly repeating unit cell. (206)The unit cell 
and its contents most completely describe the packing of molecular 
chains. The volume of the unit cell, and hence the volume occupied 
in the crystal by a single repeat unit, can be obtained by X-Ray 
Diffraction. 
When a crystalline material is exposed to a beam of X-Rays the three 
dimensional array of atoms in the crystal scatters the electromagnetic 
radiation in such a way that the scattered waves from different atoms 
reinforce each other only in certain directions; elsewhere destructive 
interference occurs and no radiation is observed. These directions 
are characteristic of the orientation of the crystal with respect to 
the beam and of the interatomic separations in the material. They are 
governed by Braggs Law: 
n A = 2~lk Sin 8. 
o 
where n is an integer denoting the order of diffraction 
~ 
" is the wavelength of the X-Rays 
e is angle of incidence and reflection 
and dhlk is the spacing between planes of atoms causing the reflection 
designated by a set of three small integers (miller indices) 
h, I and k. 
To generate diffraction maxima from the planes with a given spacing 
cl' either A or 8 must be varied. Usually it is 8 that is varied. 
Since in a crystalline material there will be many small crystallites 
with many different crystal plane orientations diffraction occurs in 
the fonn of concentric cones. A flat film placed normal to the beam 
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will record the diffraction as a series of concentric circles. (see 
Fig 69). The locations of the diffracted beams serve primarily to 
determine the d spacings through the Bragg equation. 
X-Ray diffraction and scattering can also be recorded using a counter 
diffractometer. In this method the detector counts the separate 
X-Ray photons in a diffracted beam and the intensity of the scattered 
X-Ray beam versus the scattering angle 29 is measured. 
Using WAXD it is possible to determine the degree of crystallinity in 
a material provided that the crystalline and amorphous scattering in 
the diffraction pattern can be separated from each other (see Fig 70). 
The Degree of Crystallinity (Xc) is defined as; 
'The ratio of integrated crystalline scattering 
to the total scattering (both crystalline and 
amorphous) , . 
Xc tends to be smaller than the true crystalline fraction because part 
of the X-Ray intensity that is scattered by the crystalline regions 
is lost from the peaks and appears as diffuse scatter in the background 
as a result of atomic thermal vibrations and lattice imperfections. 
4.6.1 Eguipnent 
The JEOL model JDX X-Ray Diffractometer was used for X-Ray Diffraction 
experiments. The general features of the unit are shown in Fig 69. 
X-Rays are generated by the bombardment of electrons on a metal 
(copper) target in an evacuated tube. Copper provides radiation 
(at 40 kV and 30 mAl with a good balance of wavelength and penetrating 
power for polymeric materials. A nickel filter isolates the ~ line, 
o 
= 1.S42A. The beam is collimated with suitable pinholes and is 
diffracted by the sample and then captured on photographic film 
- 238 -
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(or alternatively a trace is drawn using a diffractometer). The 
equipment was calibrated using a sample of graphite powder; the 
002 reflection of graphite being at 26.530 
4.6.2 Polyurethanes 
Van Bogart et al used WAXD in their analysis of their polycaprolactone 
based polyurethanes.(177)In the UPCL 2000 series (i.e. 2000 M.Wt 
Caprolactone & MDI isocyanate) evidence of soft segment crystallinity 
is seen in the lower hard segment materials (see Fig 71). Bragg 
spacings calculated from the positions of the three observed diffraction 
o 
peaks of 3.75, 4.15, and 4.60 A. were in excellent agreement with 
° predicted values of 3.75, 4.14, and 4.57A. In the higher hard segment 
materials the diffraction peaks observed arise from MDI/l,4,Butane Diol 
crystallites. Consistent with their DSC results the extent of hard 
segment crystallinity increased with hard segment content. 
By comparison the HPCL 2000 series (i.e. 2000.M.Wt. Caprolactone & 
H12MDI isocyanate) showed no substantial evidence of either hard or 
soft·segment crystallinity. (see Fig 72). Only a single diffuse peak 
resulting from an amorphous arrangement of chain segments is seen. 
The position of the maximum· in the peak shifts slightly to lower 
angles as the hard segment content is increased (from 20 to 18.3°). 
4.6.3 Experimental 
In the experiments carried out traces were collected for all the samples 
Whilst photographs were taken of all the crystalline materials and a 
number of amorphous materials. For the photographs an exposure time 
of 180 minutes was used throughout, Whilst the traces were recorded over 
a range of 5-50° scattering angle. 
In order to obtain estimates of the amount of soft segment crystallinity 
Which occurred in some of the polyurethanes traces of the amorphous 
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state had to be recorded. This was carried out by placing a suitably 
sized sample in an oven at l50·C for 30 minutes to destroy the 
crystallinity prior to test; quenching in water freezes the now 
amorphous condition. Testing, however, IIlUSt be carried out inrnediately 
before recrystallisation takes place. In order to obtain a perfectly 
planar sample for testing the sample was placed between two sheets of 
PTFE and the arrangement then lightly clamped before being placed in 
the oven. Failure to do this causes an undulating surface (and therefore 
no trace being realised from the diffractometer) on the sample when 
quenching takes place. 
4.6.4 Results 
Unlike the previous analysis methods used in. this research the effect 
on WAXD of different chain extenders, reaction ratios, or the use of 
mixed polyols, was found to be very little. Only soft segment molecular 
weight seemed to have any influence upon the results obtained. Basically 
two types of behaviour were recorded depending on whether or not the 
material under test was amorphous or crystalline. (see Fig 73 for a 
typical set of traces). As such the results will be discussed under 
these headings. 
4.6.4.1 Amorphous 
As Van Bogart et al found these materials show no substantial evidence 
of either hard or soft segment crystallinity. Only a single diffuse 
peak resulting from an amorphous arrangement of chain segments is seen 
(see Fig 74). This produces a typical photograph of incoherent scatter 
(see Fig 75). 
The position of the maximum in the peak is generally seen to shift to 
lower angles as the soft segment molecular weight decreases from 
2000 to 550 (see Fig 73 & Table 63). Not all the series of polyurethanes 
show this trend but it is particularly well exemplified by Series C. 
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FIG. 73 Typical WAXD curves obtained for (a) Crystalline and 
(b) Amorphous polyurethanes based upon Polycaprolactone/ 
Hl2MDI/l,4, Butane Dial. 1/3/2 Reaction Ratio). 
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FIG . 75 Typical photograph of the in coherent scatter 
that is produced by WAXD of an amorphous 
polyurethane based upon polycaprolactone/ 
H12MDI. 
SOFI' SERIES A SERIES B SERIES C SERIES 0 SERIES E SERIES F SERIES G SERIES 11 SERIES I SEGMENT 1/3/2 1/3/2 1/3/2 1/3/2 1/2/1 1/4/3 1/3/2 1/3.6/2 1/2/1 
I'DL.wr • DIOL MIXED DIOL MIXED OIOL DIOL MIXED OIOL MIXED 
OIOL Fe 1MP OIOL Fe 1MP POLYOL 
550 19.1 19.1 18.3 18.9 
. 
18.3 19.0 18.5 1R.R 20.0 
830 18.9 19.0 18.6 19.1 18.6 18.8 19.0 18.1 19.1 
. 
1000 18.8 18.8 18.8 18.8 19.0 19.0 18.9 18.9 19.1 
, ~ 
1250 19.1 19.0 19.2 19.1 19.5 18.7 19.1 1'8.8 19.8 
2000 19.3 18.8 19.3 19.7 19.2 19.3 18.8 18.9 21.5123.6 
3000 21.5/23/7 21.3/23.8 21.5/23.7 21.3/23.7 21.4/23.6 19;7 21.5/23.8 21.4/23.7 21.1/23.0 
4000 21.6/23.9 21.5/23.8 21.5/23.8 21.3/23.5 21.3/23.7 21.5/24.0 21.0/23.9 21.1/23.5 21.3/23.6 
TABLE 63. The position of the observed diffraction peaks in the WAXD experiments. 
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(1/3/2 Diol & TMP) which shows gradual changes from 19.3° to 18.3°. 
The position of the peak maxima is very much in agreement with previously 
published results. 
Comparisons of peak values for the effect of different reaction ratios, 
chain extenders etc. (see Table 63) show no discernible trend of results 
unlike those of Van Bogart et al. Part of the reason for this is 
undoubtedly because the senisitivity employed during the testing made 
it difficult for accurate tangents to be drawn to the curves. This 
can be well appreciated by looking at an actual test result (see Fig 74). 
Finally two results of what were considered transparent materia~s at 
the time of test show the beginnings of soft segment crystallinity 
(see Fig 76). Both of these materials are based upon 2000 M.Wt 
polycaprolactone (AG12 : 1/3/2 Diol & TMP; AG40 : 1/2/1 Diol). 
Unfortunately because this part of the testing was carried out towards 
the end of the research programme (i.e. these materials were at least 
2 years old) it is difficult to say how long the crystalline peaks 
have been present but clearly from a long term storage point of view 
these materials could be considered unsuitable. 
4.6.4.2 Crystalline 
By comparison with the amorphous materials evidence of soft segment 
crystallinity is clearly quite evident from WAXD with notable diffraction 
peaks bei.1g present in the traces. (see Fig 77). These correspond with 
definite rings being produced on the photographs. (see Fig 78). Bragg 
spacings calculated from average values for the positions of the three 
Cl (J () 0 I) 
observed diffraction peaks (23.9 , 21.4 , and 19.4 ) are 3.72A, 4.17A 
o 
and 4.S7A. Again these are in good agreement with previously published 
results. However, it should be noted, that whilst the diffraction peaks 
at 23.9° and 21.4° are always clearly evident the third peak at 19.4° 
is not often seen. Indeed only the highly crystalline materials e.g. 
AG71 exhibit this peak and even then it is very indistinct (see Fig 77). 
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FIG. 76 The develop;nent of soft segment crystallisation in some CAPA 220 (2000 Mol.Wt.) 
based polyurethanes as shown by WAXD. 
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FIG . 78 Typical photograph of the coherent scatter 
that is produced by WAXD of a crystalline 
polyurethane based upon polycaprolactone l 
H12MDI . 
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As a consequence only two definite rings could be identified on the 
photographs. 
Calculated values of the degree of crystallinity in these materials 
are listed in Table 64. These results show that; 
1. Increasing soft segment molecular weight increases crystallinity. ' 
2. Increasing the reaction ratio reduces crystallinity. 
3. The use of mixed diol chain extenders and crosslinking increase 
crystallinity. 
4. The use of mixed polyols severly reduces crystallinity. 
Although the calculated values are much different (see later discussion) 
these results show trends which are consistent with those obtained by 
DSC Analysis. 
SOFT 
SECMJ-:I'IT 
t-DL.wr. 
2000 
3000 
4000 
, 
• 
SERIES A 
1/3/2 
DlOL 
-
20.1 
31.9 
SmlES B 
1/3/2 
MIXED 
DlOL 
-
29.9 
35,0 
SERIES C SERIES D 
1/3/2 1/3/2 
DlOL MIXED 
Ii. 'IMP DlOL Ii. 1MP 
- -
27,4 37.4 
. 
36.8 38.4 
SERIES E SERIES F SERIES C SERIES 11 1/2/1 1/4/3 1/3/2 1/3.6/2 
DlOL DlOL MIXED DlOL , 
I'OLYOL 
- - - -
33.5 
- 7.6 31. 7 
46.3 24.5 9.6 39.6 
TABLE 64. The amount of Soft segment crystallisation in the opaque polyurethanes 
(as determined by WAXD). 
SERIES I 
1/2/1 
MIXED 
OlOL 
22.1 
38.2 
44.0 
N 
V> 
N 
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4.7 Gel Penneation Chromatography (GPC) 
Gel Penneation Chromatography (GPC) is a relatively modern analysis 
technique used in the determination of molecular size, and Which 
has found wide acceptance in the polymer field since its discovery 
in 1961. A number of reviews are available on the subject. (230-232) 
It is a process by Which molecules separate according to their 
hydrodynamic volume; separation taking place in a chromatographic 
column filled with beads of a rigid porous gel. Retention time (or 
Retention volume) will depend on the ability of polymer molecules 
to penetrate part of the internal volume of the gel particles. i.e. 
a stationary phase. As a sample moves along a column with the mobile 
'phase the largest molecules are almost entirely excluded from the 
stationary phase Whilst the smallest molecules find almost all of the 
stationary phase accessible. Therefore the smaller the molecule the 
more of the stationary phase volume is accessible to it and the longer 
it stays in that phase. Small molecules thus fall behind larger ones 
and are eluted from the column later. 
A typical GPC chromatogram is shown below: 
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4.7.1 Equipment 
Equipment for GPC work basically consists of a pumping system, a 
sample injection system, a chromatographic column, and a sample 
concentration detector. (see Fig 79). 
The pumping system includes solvent container, a degasser, and a high 
pressure pump. The solvent is pumped at a constant flow rate at pressures 
of up to 250 psi, with the stream being split so that one half goes 
through a dummy column to provide pressure drop and into the reference 
side of the detector, whilst the other half goes through the column 
(or columns) for separation and to the sample side of the detector. 
Two types of sample injection system are available. The first uses a 
hypodermic needle to introduce the polymer solution into the flowing 
solvent at the head of the column. This method has difficulties in 
introducing reproducible volumes of polymer solution each time. Also 
sample injection is usually additionally complicated by the risk of 
introducing gas bubbles into the solvent which will result in a 
distorted chromatogram as well as damage to the column. The second, 
and preferred method, of sample injection uses a multiport valve system. 
Here you have a sample loop which allows for the introduction of 
reproducible volumes of polymer solution each time. 
The chromatographic colums themselves are made from steel and usually 
have a length of between 30 and 100cm, and a diameter of 8-lOnm. (see 
Fig 80). The column packing is usually highly crosslinked polystyrene, 
although others such as pOrquS glass, porous silica, and porous alumina 
have been used. 
Because the concentration of eluted material is very small sample 
detectors must be very sensitive. Customarily a differential refractometer, 
which measures directly the deflection of a beam of light due to differences 
in the refractive index of the sample and the reference liquid is used. 
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FIG. 79 The essential features of GPC equipment. 
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FIG. 80 The chromatographic column (cross-section). 
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Other detectors using ultra violet, Infra-Red and Viscometric principles 
can also be used. 
Finally sample preparation is also important. The pclymer sample must 
be completely dissolved in the chosen solvent and filtered before 
injection. Concentrations of 0.1% or less are desirable so as to avoid 
errors due to viscosity effects in the column. 
A complete theory predicting retention times or volumes has not appeared 
for GPC and, as such, a specific column has to be calibrated to give a 
relationship, by means of which, a plot of amount of solute verses 
retention time can be converted into a molecular size distribution curve. 
Commercially available narrow distribution polystyrenes are frequently 
used to do this; a plot of log molecular weight against retention volume 
should be linear. The main disadvantage of this method is that since 
narrow molecular weight distribution polymers other than polystyrene 
are not generally available over a wide range of molecular weights, 
serious errors in interpretation can occur when a column calibrated with 
polystyrene is used in the analysis of other polymers. 
This limitation has led workers to search for a "Universal Calibration 
Technique" • So far the most succesful method is that of Benoit et al 
who propcsed M (1)J (where M is the molecular weight and 7) the intrinsic 
viscosity) as a universal parameter, since this value is a direct 
lIlS!asure of the hydrodynamic volume of a macromolecule. A curve of 
log M(1)] verses retention volume (Vr) is approximately linear and 
results for a wide variety of linear and branched polymers fall on it. 
The use of this technique for copolymers, however, does have its problems 
because; 
1/ Vr is determined at least in part by chemical compcsition which 
influences molecular size because of pclymer solvent interactions. 
2/ Refractive index, and this detector respcnse per unit concentration, 
also depend upcn chemical compcsition. 
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Similarly, if the refractive index of a homopolymer depends upon 
molecular weight, as it inevitably must at sufficiently low molecular 
weight, detector response is no longer constant over the entire 
chromatogram and a separate calibration must be made. 
4.7.2 Polyurethanes 
The use of GPC in polyurethane analysis has so far been extremely 
limited. This is because the strong physical interaction between hard 
segments means that polyurethanes are barely soluble in either THF or 
DMF. (the greater the phase segregation the less soluble the product). 
However, despite this limiting factor, research workers are now 
reporting the use of GPC in polyurethane characterisation. For example 
Camberlin & Pascault(175)obtained Mn values of >50,000 Which they 
considered reflected that good polyurethanes had been synthesised, . 
Whilst Miller et al obtained Mn values of between ·30-50,000 for the 
polyurethanes they were investigating.(229) 
Hann, looking at polyester based polyurethanes in DMF at 80°C, was 
perhaps the first to carry out any really detailed work with regard to 
the use of GPC.(233)She obtained chromatograms Which indicated multimodal 
distribution patterns (see Fig 81); From considerations of the 
polymerisation mechanism this type of distribution was unexpected and 
it was believed that, in fact, these observations were related to the 
polar or electrolytic characteristics of the polyurethanes. This was 
confirmed by the addition of 0.05 moles of LiBr/Litre of DMF as a 
screening electrolyte (i.e. as a charge neutralising agent) Which 
produced chromatograms in Which the apparent high molecular weight 
components were removed (see Fig 81). Further work suggested that as 
well as polymer-solvent interactions (molecular expansion and association) 
polymer-column interactions (repulsion and adsorption related to charge) 
also occurred. 
Later work by Hu et al looking at polyurethaneureas also made use of 
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Lithium Bromide as a screening electrolyte. (223)Their results (see 
Table 65), which used polystyrene as a calibration standard, showed 
the polyurethaneureas to have relatively high molecular weights. Also 
the molecular weight distribution for all of the samples was relatively 
narrow. From this Hu et al assumed that the properties of these materials 
were determined by composition or morphology rather than the effect of 
molecular weight or" its distribution. 
More recently Carnargo et al have used GPC to study polyurethanes " 
produced by Reaction Injection Moulding (RIM). (234)They found that at 
low reaction rates (low catalyst concentration or low temperature) 
highly crystalline well phase separated but low molecular weight polymers 
were produced whilst at high catalyst or temperature levels more poorly 
phase separated but high molecular weight polymers resulted (see Fig 82). 
Polydispersity (Mw/Mn) for most of the samples was found to be close to 
2.0. 
4.7.3 Experimental 
GPC work on both the polyols and the synthesised polyurethanes was 
carried out using a Waters Chromatograph having a column size of 60cms 
and packed with a Polymer Laboratories lOp mixed gel. In addition, 
for the polyols only, GPC work using a 30cm column packed with a 
• Polymer Laboratories 50A gel was also carried out. All experiments 
were carried out at Room Temperature. 
Samples were prepared by dissolving the polyol or the polyurethane in 
THF and leaving overnight to ensure proper mixing. Solutions of 
0.025-0.05% were prepared and an internal reference - Toluene - added. 
Prior to injection all the solutions were filtered using glass filter 
papers. The polyurethanes crosslinked with TMP could not be dissolved 
in the THF and as such could not be tested. A typical run in the 60cm 
column took 20-25 minutes, and in the 30cm column 7-8 minutes. 
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T.,· T." T,ld 
Sample Mw X 10-4 M. XiO-4 M~/M. (OCI (OC) (OC) 
29OO·MDI·ED·16 8.0 S.9 1.35 -73 20 193 
29OO·MDI·ED·23 6.5 5.0 1.32 -75 17 195 
29OO·MDI·MDA·19 6.8 5.5 1.25 -74 21 
29OO·MDI·HD·lS 10.S S.O 1.36 -73 20 195 
2900·MDI·HD·25 7.7 5.7 1.36 -75 20 . 193 
2000·MDI·ED·22 24.8 13.8 1.8c) -72 13 . 199 
2000·MDI·ED·3O" -72 12 20:1 
2000·MDI·MDA·26 9.3 S.1 Uti -69 19 
2OOO·MDI·HD·24 22.6 16.6 1.35 -72 11 204 
2OOO·TDI·ED·29 20.5 12.8 1.60 -72 8 190 
l000·MDI·ED·23 34.0 20.8 1.64 -52 No 188 
l000·MDI·ED·36 12.7 10.3 1.23 -56 No 159 
• This sampl~ is not compl~tely dissoh:~d in DM~'. 
b T. of the soft se-gment phAse. 
eT M of the crystalline soft segment. , 
11 T. of the hard segment domain. 
TABLE 65 Molecular Weight and thermal transitions of some 
polyurethaneureas (After Hu et all. 
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FIG. 82 Molecular weight (Mw) versus catalyst 
content for some RIM Polyurethanes (After 
Carnargo et al). Except Where noted mould 
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A calibration curve was constructed for the 60cm column using narrow 
molecular weight distribution po1ystyrenes as provided by Polymer 
Laboratories. Seven Molecular Weights of between 1850 and 198,000 
were used and a plot of log molecular weight against Volume Retention 
(%) drawn. (see Fig 83). 
The basic data from GPC are recorded in the form of a chromatogram. 
Each chromatogram is normalised and expressed as a function of the 
retention volume (%). By use of the calibration curve retention 
volumes can be changed to molecular weights, and from these it is 
possible to calculate Mn, Mw, Mp, and a molecular weight distribution 
(MWD) (see Fig 84). An example is also given (see Fig 85) on how 
this calculation is performed. 
4.7.4. Results 
4.7.4.1 Polyols 
Chromatograms for the seven different molecular weights of polycaprolactone 
used in the polyurethane synthesis were obtained first of all on the 
60cm column. These are shown in Fig 86 whilst the actual values 
obtained for Mn, Mw, Mp, and MWD are given in Table 66. 
It can be seen that although there were slight differences to be found 
amongst the polyols no abnormal distribution was evident; all gave 
gaussian type curves. In constructing chromatograms for the lower 
molecular weight polycaprolactones (550 & 830) some extrapolation was 
required since at the lower end of the scale there is some interference 
from the toluene internal reference. This has produced a slightly 
high Mn value for the 830 Mol. Wt. polycaprolactone which is out of 
sequence with the rest of the results. Since Mn is very sensitive 
to changes in the weight fractions of low molecular weight species 
this result is perhaps not unexpected. (235)Values for Mw and Mp are 
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FIG. 84 The distribution of molecular weights in a 
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FIG. 85 An example of how Mn, Mw, Mp and MWD are 
calculated from the data obtained in a GPC 
experiment. 
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POLYOL Mn Mw Mp MWD 
ClIPA 200 (550) 488 779 617 1.60 
ClIPA 205 (830) 1219 1517 1360 1.24 
ClIPA 210(000) 1132 1590 1342 1.40 
ClIPA 215(250) 1806 2255 2018 1.25 
ClIPA 220(2000) 3031 4505 3695 1.49 
PPA 23l( 3000) 4308 5602 4913 1.30 
ppA 240(4000) 6666 8338 7455 1.25 
TABLE 66 Mn, Mw, Mp and MWD of the seven Laporte ClIPA 
Polycaprolactones used in the synthesis of the 
polyurethanes. 
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also slightly higher than might have been expected. 
In view of the DSC results which suggested that possibly the polyols 
were composed of blends of different molecular weights the GPC 
results produced by the 60em column offer no support. However the 
column packing in this case is specifically designed for higher 
molecular weight fractionation (c.60,000) and as such does not really 
provide the resolution that is required, although it certainly is 
adequate enough to give a broad picture of the polyols. Consequently 
the seven polyols were re-run through a 30cm column packed with a 
much smaller gel and capable of discriminating between molecular 
weights of 100 and 2000. Unfortunately, as can be seen in Fig 87, 
because of this upper limit of 2000 a complete analysis of the polyols 
has not been possible. (As with all the chromatograms it should be 
noted that in these diagrams the higher the elution distance the smaller 
the corresponding molecular weight of the species is). The upper limit 
of 2000 consequently produces a very steep curve on the right hand side. 
However this does not prevent some conclusions being made, and certainly 
it is now obvious that our picture of polyol make up has to change. If 
we look at CAPA 200 (i.e. 550 Mol.Wt) there are three defin;te peaks 
at 11.8, 11.2, and 10.2 cms to be seen, whilst what is possibly the 
beginnings of a fourth is abruptly halted by the upper limit at 9.4cms. 
The inference is of course that CAPA 200 is composed of at least three 
different species of molecular weight. 
Looking at the other six polyols similar inferences can also be drawn. 
Both CAPA 205 and CAPA 210 would look to have possibly three peaks whilst 
CAPA 215 certainly will have two. The higher molecular weight polyols 
(CAPA 231 and CAPA 240) show a peak at around 11.8 ems (as have all 
the other polyols). From this evidence it would appear that the molecular 
weight species which gives a peak on the chromatogram at 11.8 cms would 
possibly correlate to that which gives a melting peak at around 18°C 
on the DSC thermogram. Certainly we can say that all of the polyols 
are composed of more than are molecular weight species and as such 
. ' 
a) CAPA 200 
550 M. Wt. 
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FIG. 87 GPC Chromatograrns of the seven CAPA polycaprolactone 
polyols obtained using the 30cm column. 
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these may have significant effects on the morphology and properties 
of the synthesised polyurethanes. 
4.7.4.2 Polyurethanes 
GPC Chromatograms were constructed for all of the thermoplastic 
polyurethanes and a typical set of curves which were obtained are 
shown in Fig 88. It can clearly be seen that a Gaussian type 
distribution of molecular weight prevails in all of the polymers. 
The actual values calculated for Mn, Mp, Mw, and MWD are shown in 
Tables 67-70. These are very similar to those reported by other workers. 
Plots of Mn against polyol molecular weight to show the effect of hard 
segment content, mixed diol chain extenders, mixed polyols and cross-
linking with excess Isocyanate have also been drawn. (see Figs 89-92). 
From these results there are a number of features of interest; 
1/ Distinct maxima (for Mn, Mp, & Mw) were obtained with polyurethanes. 
based on CAPA 210 (1000. M.Wt) polycaprolactone. 
2/ As the reaction ratio increases from 1/2/1 to 1/4/3 there is a 
fall in Mn, Mp, & Mw values. 
3/ The use of mixed diol chain extenders produces slightly larger 
Mn, Mp, & Mw values. 
4/ The use of mixed polyols, or excess isocyanate, produces much 
reduced Mn, Mp, & Mw values. 
5/ Molecular Weight Distribution (MWD) varies, but with no apparent 
trend from 1. 55 to 2.44. (70% of the values are in the range 1. 7 to 2.1). 
The inference from these observations is that the more the hard and 
soft segment phases of a polyurethane separate (as previously indicated 
would happen with an increase in reaction ratio or with an increase in 
soft segment molecular weight) then the smaller the Mn value obtained. 
As such these results would tend to support the more recent ideas 
which suggest that phase separation takes place during, rather than 
after, the polymerisation process. 
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FIG. 88 A typical series of GPC Chromatograrns obtained using the 60 cm column. 
N 
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MOlECULAR SERIES A SERIES B . SERIES E SERIES F SERIES G 
WEIGHT OF 1/3/2 1/3/2 1/3/2 1/4/3 1/3/2 
POLYOL DIOL MIXED DIOl DIOL DIOL MIXED DIOL 
550 29136 30801 43420 22332 28710 
830 26465 39514 ·29774 23655 24162 
1000 95337 109119 90979 46609 38517 
1250 32908 54286 37131 21009 19932 
2000 34253 33931 108432 37126 34253 
3000 89177 104475 65755 36748 30652 
4000 56527 133917 92749 40818 103998 
TABlE 67 Mp Values of the synthesised thennop1astic polyurethanes. 
SERIES H 
1/3.6/2 
DIOL 
11820 
17500 
39890 
17037 
25432 
28937 
33402 
SERIES I 
1/2/1 
MIXED DIOL 
60188 
38446 
110377 
52829 
38619 
66465 
72187 
N 
" N 
MOlECUlAR SERIES A SERIES B . SERIES E SERIES F SERIES G SERIES H SERIES I 
WEIGHT OF 1/3/2 1/3/2 1/3/2 1/4/3 1/3/2 1/3.6/2 1/2/1 
POLYOL DIOL MIXED DIOl DIOL DIOL MIXED DIOL DIOL MIXED DIOL 
550 21960 22591 33263 16841 21788 8693 42480 
830 18955 27582 21123 18659 18351 13312 29150 
1000 62044 71021 65848 34815 30730 30932 78421 
1250 24626 37037 27937 15883 15426 13165 38328 
2000 25371 26244 77105 24783 25371 20495 28387 
3000 62851 74026 52893 24458 22949 20879 49391 
4000 41024 85758 67201 31679 70211 25539 54797 
TABlE 68 Mn values of the synthesised thermoplastic polyurethanes. 
I 
MOLECULAR SERIES A SERIES B . SERIES E SERIES F SERIES G SERIES H SERIES I 
WEIGHT OF 1/3/2 1/3/2 1/3/2 1/4/3 1/3/2 1/3.6/2 1/2/1 
POLYOL OIOL MIXED 0101 OIOL OIOL MIXED OIOL DIOL MIXED DIOL 
550 38658 41955 58435 29615 37831 16072 85729 
830 36950 56607 41885 29987 31812 23005 50706 
1000 146494 167654 125702 62398 48277 51444 155355 
1250 43976 79569 149351 27790 25754 22047 72818 
2000 46243 43870 152487 55785 46243 31588 89442 
3000 126530 147449 81745 55213 40940 38621 52568 
4000 77887 209120 128011 52594 154045 43685 95094 
TABLE 69 Mw values of the synthesised thermoplastic polyurethanes. 
MOLECULAR SERIES A SERIES B . SERIES E SERIES F SERIES G SERIES H SERIES I 
WEIGHT OF 1/3/2 1/3/2 1/3/2 1/4/3 1/3/2 1/3.6/2 1/2/1 
POLYOL DIOL MIXED DIm DIOL DIOL MIXED DIOL DIOL MIXED DIOL 
550 1. 76 1.86 1.81 1. 76 1.74 1.85 2.01 
830 1.95 2.05 1.98 1.61 1.73 1.73 1.74 
1000 2.36 2.36 1.91 1. 79 1.57 1.66 1.98 
1250 1. 79 2.15 1.77 1.66 1.67 1.67 1.90 
2000 1.82 1.67 1.90 1.67 1.82 1.54 1.85 
3000 2.01 1.99 1.55 2.26 1. 78 1.85 1.81 
4000 1.90 2.44 1.90 1.66 2.19 1.71 1.74 
TABLE 70 MWD values of the synthesised thermoplastic polyurethanes. 
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However, before fully committing oneself to this idea, there are 
one or two other considerations to be taken into account. Firstly, 
as was mentioned in the introduction to this section, Refractive Index 
and thus detector response per unit concentration depends upon both 
molecular weight and chemical composition. Since the composition of 
the hard segment will change with both reaction ratio and chain extender 
type, and the molecular weight of the soft segment is also seen to 
vary from 550 to 4000 it is quite possible that the results presented 
here merely reflect these changes. Secondly, it has also been shown 
(particularly in the case of PVC & THF and Polyurethane & DMF)(231) 
that polymer-solvent interactions can greatly influence GPC results. 
To see if there was any such interaction with the system under study 
all seven members of the Series A (1/3/2 Diol) polyurethanes were 
heated to 50·C in a water bath for 15 minutes prior to GPC analysis 
being carried out. This it was considered would break any association 
of polymer and solvent. However, the results obtained showed very 
little difference from the original findings; indeed there was excellent 
correlation with the original results (see Table 71). 
In discussing these GPC results with Laporte Industries (who manufacture 
the caprolactone polyols) it was revealed that catalysts were employed 
in their design. No further information, except that catalyst 
concentration and/or. t~ varied from polyol ·to polyol was offered. This was 
interesting because the original method of synthesis devised by Syed 
had sought to avoid catalysts in the knowledge that they could contribute 
to longer term ageing problems. In light of the work carried out 
recently by Camargo et al(234)(who showed that Mn and the degree of 
phase separation achieved in a polyurethane could vary with catalyst 
concentration) it seems quite possible that the results presented here 
(in particular the high Mn values obtained with the CAPA 210 polyol) 
msy be explained in terms of catalyst type and/or concentration. It 
has long been appreciated that catalysis not only affects the rates of 
the chemical reactions responsible for the formation of polyurethanes 
POLYOL POLYOL 
MOL.WT • Mn Mw Mp MWD MOL. WT. Mn Mw Mp 
550 21960 38658 29136 1. 76 550 21172 37701 28252 
830 18955 36950 26465 1.95 830 21145 35435 27373 
. 
1000 62044 146494 95337 2.36 1000 59790 150067 93783 
1250 24626 43976 32908 1. 79 1250 26251 47400 34156 
2000 25371 46243 34253 1.82 2000 21594 41972 30106 
3000 62851 126530 89177 2.01 3000 60562 133898 87284 
4000 41024 77887 56527 1.70 4000 44049 87398 54551 
(a) (b) 
TABLE 71. A comparison of the GPC values obtained (a) Before and (b) after Heat Treatment 
(15 mins @ 50·C) 
MWD 
1. 78 
1.68 
2.50 
1.80 
1.94 
2.21 
1.98 
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but that they also exert a considerable influence upon their ultimate 
properties. (236l 
Clearly there needs to be further work on this subject before more 
definite conclusions can be reached on the usefulness of GPC, or 
the possible influences of catalysts, in determining polyurethane 
morphology. 
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4.8 Injection Moulding 
4.8.1 Experimental 
Using the thermoplastic polyurethane AG2, (CAPA 220/H12MDI/1,4, 
Butane Dio1; 1/3/2) which was produced in the large scale synthesis 
programme, injection moulding trials were carried out at Loughborough 
University to further determine the suitability of this material for 
face masks. Use was made of a Negri Bossi NESS Injection Moulding 
machine (see Table 72 for specifications). 
Prior to injection the granulated polymer was dried overnight by being 
placed in an oven at 10S·C. To ensure that it stayed in an anhydrous 
condition dry nitrogen was fed into the hopper throughout the experiment. 
A polished steel mould, which produced three tensile bars and four 
compression set discs, was fitted to the injection moulding machine. 
No mould release agent was used at any time. Once the machine was 
considered to be stabilised the effect of the following parameters 
were examined. 
1/ Injection Pressure (110-140 bar) 
2/ Injection Speed (60-90%) 
3/ Injection Temperature (170-200'C) 
4/ Mould Time (40-70 secs) 
Because of the limited material available only four cycles were run at 
each of the specific conditions; of these the middle two were tested. 
(using the same conditions as previously described for the cast sheets). 
4.8.2 Results 
The results for the Compression Set and Tensile tests are shown in 
Table 73 and Figs. 93-96. 
It was seen that there was only two limiting factors to producing good 
- 284 -
Screw Diameter 
LID ratio 
Calculated Injection Volume 
Real injection volume 
Real injection capacity (Polystyrene) 
Injection Rate 
Max pressure on material 
Screw Speed 
TABLE 72 Specifications of Negri Bossi NESS 
Injection Moulding Machine 
38rrm 
14.5 
141crn3 
120crn3 
126 grns 
84crn3/sec 
1170 bar 
10-410 rpm 
CYCLE 
NO 
1 - 4 
5 - 8 
9 - 12 
13 - 16 
17 - 20 
21 - 24 
is - 28 
29 - 32 
33 - 36 
37 - 40 
41 - 44 
45 - 48 
49 - 52 
INJECTION INJECTION INJECTION MOULD TENSILE EIDNGATION a:t1P REMARKS 
TEMP PRESS 7PEED TIME S1RENGTII AT BREAK SET I ('Cl (Bar) %) (Secs) (Moa) (7.) (7.) 
170 110 90 70 14.1 457 87.6 OK 
" " " 60 13.7 454 88.2 OK 
" " " 50 15.3 500 89.0 OK 
" " " 40 15.9 510 91.8 Tensile Bars & Compression Set discs distorted 
" 120 " 70 15.4 505 92.3 OK 
" 130 " " 14.4 • 489 91.5 OK 
" 140 " " 14.0 475 90.0 Tensile Bars slightly distorted 
180 no " " 12.9 461 90.8 OK 
190 " " " 12.9 484 91.2 Tensile Bars slightly distorted 
200 " " " 12.7 509 90.5 Tensile Bars & Compression set discs distorted. Yellow coloured specimens. 
170 " 80 " 14.4 514 86.9 OK 
" " 
70 " 13.9 481 90.6 OK 
" " 60 " 15.5 531 90.1 OK 
TABLE 73. A summary of the results from the Injection Moulding Experiments. 
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specimens by Injection Moulding; Mould time and Injection Pressure. 
Too short a mould time meant that the polyurethane did not sufficiently 
cool before release and as a result distorted specimens were obtained. 
This is a not uncommon occurrence with lower hardness polyurethane 
materials. (33) A similar effect was also to be.·seen when too high an 
injection temperature was employed (200'C). At this temperature even 
a mould cooling time of 70 seconds is insufficient to prevent distorted 
specimens being obtained. More importantly, the specimens produced 
at this temperature were distinctly yellow coloured, suggesting that 
degradation was taking place. This degradation is also suggested from 
the results of the tensile testing where it can be seen that with an 
increase in injection temperature tensile strength falls and Elongation 
at break increases. (see Fig 93). Compression set figures are also 
seen to slightly deteriorate. A comparison of the physical properties 
of the injection moulded specimens with those of AG2 obtained by the 
casting technique show the latter to be generally superior. 
The effect of increasing Injection Speed was to produce poorer physical 
properties in the polyurethane. (see Fig 94). Polyurethanes are 
generally considered to be shear sensitive materials which means that 
they can build up considerable frictional heat when subjected to high 
shear. (33) The results obtained would suggest that this type of 
behaviour is being seen here; increasing injection speed (and therefore 
shear) producing a deleterious effect on properties. 
Increasing the mould time cycle also brough about poorer physical 
properties in these materials. (see Fig 95). This may be the result 
of decreased phase separation occurring in those materials which have 
had the longest in mould cooling time. Samples having had the shortest 
mould cooling time (40 seconds) will, on ejection, still be warm so 
that their subsequent cooling in air will be at a slower rate than 
that which would be achieved in a cold mould ... As a result a more fuller 
consolidation of polymer structure takes place; in this case an enhanced 
phase separation which ultimately produces better physical properties. 
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Results concerning the changes in injection pressure were somewhat 
inconclusive with no real trend being discernible. (see Fig 96). 
There was a suggestion that optliTIum figures could be achived at a 
pressure of 120 bar. However no satisfactory explanation exists at 
this time for these results. 
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5.0 GENERAL DISCUSSION AND CONCLUSIONS 
The aim of this research programme was to find out how resistant 
polyurethane elastorners (based principally upon Polycaprolactone 
and H12MDI isocyanate) were to mustard gas penetration. and to 
ascertain what factors were involved in determining that behaviour. 
The following variations were investigated; 
1/ The effect of Soft Segment molecular weight. 
2/ The effect of Reaction Ratio. 
3/ The effect of Chain Extender. 
4/ The effect of crosslinking. 
5/ The effect of using a mixed polyol system. 
Data collected for both cast and moulded samples (Penetration time 
and Blot Off value) showed each of these variations to have an effect 
upon permention behaviour. However, as a plot of all the permeation 
results against Hard Segment content shows. (see Figs 97 & 98) two 
factors greatly contribute to the mustard gas resistance of these 
polyurethanes. These are; 
1/ Soft Segment Crystallisation. 
2/ Hard Segment Content. 
Also, as the broad nature of the curves in Figs 97 & 98 indicate, a 
third factor, hard segment morphology, has an effect upon permeation 
performance. 
Soft Segment Crystallisation generally occurs at low hard segment 
contents «25%) and where the polyol soft segment has a molecular 
weight greater than 2000. The presence of soft segment crystallisation 
renders the polyurethane opaque and therefore makes it unsuitable 
for the face mask application. However its presence does bring about 
an improvement in permeation behaviour. 
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The amount of soft segment crystallisation that occurred in these 
polyurethanes was measured by DSC and WAXD. Both these methods 
showed that crystallisation increased with; 
1/ Reducing hard segment content. 
2/ Increasing soft segment molecular weight. 
3/ The use of mixed dial chain extenders. 
4/ The presence of crosslinking. 
The use of a mixed polyol system was shown to inhibit soft segment 
crystallisation. 
The actual values obtained by the DSC and WAXD methods for soft segment 
crystallisation were quite different." Generally WAXD results were 
half those obtained by the DSC method (see Fig.99). These 
discrepancies most probably arise because theAHr values taken for 
the pure polyols do not represent 100% crystallinity. Also with the 
WAXD method there are problems of fitting the amorphous and crystalline 
spectra accurately. 
Plots of penetration time and Blot off against the value of soft 
segment crystallinity (as determined by both WAXD and DSC) are shown 
in Fig. 100 & 101 (for the cast samples only). If the results are 
considered on the "basis of belonging to; 1/ Thermoplastic and 2/ 
Thermoset polyurethanes then it can be seen that two distinct classes 
of behaviour exist. These results would suggest that soft segment 
crystallisation is not the sole determinant in the mustard gas 
resistance of these materials. 
Generally the permeation data 'shows that with increasing soft segment 
crystallisation penetration times fall whilst Blot Off figures increase. 
An increase in Blot off figure is very much as would be expected; a 
more ordered state will make it more difficult for permeant to enter. 
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The fall in penetration time is, however, a somewhat surprising 
result since this opposes the general behaviour shown by the opaque 
materials. It may be that, in cast materials, hard segments exert 
a greater than expected influence with regard to diffusion behaviour. 
Certainly, by comparison, permeation results for the moulded 
crystalline materials are much more as one would expect with both 
blot off and penetration values increasing with increasing soft 
segment crystallisation (see Fig.102). (To put matters in perspective 
the Blot off results are not geed which would also suggest that 
factors other than soft segment crystallisation may be involved). 
The results for penetration time are much better with all but one 
point being within a range of.:!:. 20 minutes. 
For the transparent materials (i.e. where no soft segment crystallisation 
exists) it would appear that the hard segment content is particularly 
influential in determining permeation behaviour (see Figs 103-105). 
With increasing hard segment content both penetration times and Blot 
Off values become significantly greater. 
However,· as McBride et al showed, because of the widely separated 
glass transition values of the two phases in a polyurethane, permeation 
at room temperature will be primarily through the soft segments. (213) 
This reasoning greatly explains why changing the nature of the hard 
segment (by using mixed diol or crosslinking chain extenders) was seen 
to have such little effect upon permeation behaviour. (particularly 
at high soft segment molecular weights eg.2000). The importance of 
the soft segment phase is well illustrated by the penetration times 
recorded for the moulded samples (see Fig 104). At equal hard segment 
contents it is the lowest reaction ratio -1/2/1- (and therefore the 
shortest segment length) which has the highest 920 value. Blot off 
values for the cast samples do not seem to show the same dependence. 
(see Fig.103). 
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What effect hard segment does have is because, as a great number 
of workers have shown, its morphology will greatly influence soft 
segment behaviour. If we consider the model proposed by Bonart 
et al then H12MDIll,4,Butane Diol hard segments can be considered 
to assume fully extended configurations with lamellor sheet like 
domains. By convention this can be represented as follows; 
j----------j 
. . .... . 
...,.. ........ ----. ... . . ....,\/'-'---I .. •• • • 
I ' 
. I I 
~ _.J.: ..... ' . I.!.. __ 
- - I~' . eo .0 ... r.~---~ 
I , 
SOFT 
SEGMENT 
For simplicity's sake the hard segments are represented as being 
linear, but it must be remembered that because of the nature of 
the isocyanate unit they will be of a somewhat more folded nature. 
Ideally the hard segments in the domain will be all of equal length 
but as many research workers· have shown this is not strictly the 
case; a variety of hard segment lengths are usually present. (163) 
Commercial H12MDI (Desmodur W) is a mixture of three isomers and 
therefore it is possible (using l,4,Butane Diol as a chain extender) 
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to form three types of hard segment unit. (see Fig 106.). In any 
synthesised polyurethane these three types of hard segment unit will 
be present in the proportions 65:25:10 (corresponding exactly to 
the proportions of each iscrner in the Desrnodur W). As such in a 
domain situation hard segments composed of H12MDI/l,4,Butane Diol 
are essentially amorphous in character; though as Van Bogart et al 
pointed out the presence of a lo":!. percentage of trQ.s-trd~j isomer 
(;15%) means that it is possible for some hard segment crystallinity 
to be realised. (177) It is this limited crystallinity Which is 
thought to be responsible for the high temperature endotherm (110 -
l40'C) Which was to be observed with some of the systems under study 
(in particular those with high hard segment content). 
By changing the chain extender system to that of a mixed diol (in 
this case 1,6 Hexane Diol and 1,4, Butane Diol) the isocyanate 
H12MDI can now be linked by two different molecules. As such this 
will introduce more irregularity into the hard segment unit. This 
can be well illustrated if we consider a polyurethane with a reaction 
ratio of 1/3/2. 
Ignoring the fact that H12MDI has three isomers there can, with 
1,4,Butane Diol as a chain extender, be only one type of hard segment 
unit Le. Three H12MDI molecules linked by two 1,4,Butane Diol 
molecules (see Fig 107a). With the mixed diol chain extender there 
exists, by the laws of probability, the possibility of four types of 
hard segment unit i.e. Three H12MDI molecules linked by; 
1/ 1,4,Butane Diol & 1,4 Butane Diol. 
2/ 1,4,Butane Diol & 1,6,Hexane Diol. 
3/ 1,6,Hexane Diol & 1,4,Butane Diol. 
4/ 1,6,Hexane Diol & 1,6,Hexane Diol. 
This is illustrated in Fig. 107b. In a domain situation, because of 
these four possible linkages, a larger and more amorphous hard segment 
morphology will inevitably result. Consideration of H12MDI isomers 
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FIG. 106 The three types of Hard Segment unit possible 
in H12MDI/1,4,Butane Dio1 chain extended 
polyurethanes. 
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and hard segment length distributions serve only to substantiate 
this argument. 
The effect a more amorphous hard segment morphology has upon the 
properties of a polyurethane has been discussed in detail by a 
number of authors. (183,193) All are in agreement that increased 
phase mixing, with more hard segment becoming solubilised in the 
soft segment matrix, will result. The analysis work carried out 
in this research programme is also in agreement with those ideas 
i.e. the mixed diol polyurethanes show poorer hard segment order 
(and are therefore more phase mixed) than single diol polyurethanes. 
In particular; 
1/ DSC and DMTA work showed that mixed diol polyurethanes have higher 
glass transition values than single diol polyurethanes. This as a 
number of authors have shown, is indicative of increase phase mixing. 
A comparison of the glass transition values obtained by the two methods 
is shown in Fig.108. Generally it can be seen that values obtained by 
DMTA are some 5-lS'C higher than those obtained by DSC. This is 
not untypical and the reasons for it e.g. frequency, heating rate, 
method of measurement have been discussed by other workers. (184,191). 
2/ DMTA work showed that mixed diol polyurethanes had higher loss 
(Tan ~) values than single diol polyurethanes. This can be considered 
to reflect reduced soft segment restrictions being imposed as a 
result of poorer hard segment organisation. Also the mixed diol 
polyurethanes exhibited lower hard segment melting temperatures which 
is indicative of reduced order. 
As a consequence of this reduced hard segment order there is also less 
reinforcement of the soft segment in the mixed diol polyurethanes. 
This is well evidenced by; 
1/ Physical Properties: The mixed diol polyurethanes have reduced 
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Hardness 100% and 300% Modulus figures as well as increased 
elongation at break values. 
2/ IMrA work: This showed that the mixed diol polyurethanes have 
reduced log modulus and plateau modulus (Where developed) figures. 
3/ Soft Segment Crystallisation: At high soft segment molecular 
weights it was apparent that mixed diol polyurethanes developed 
greater soft segment crystallinity than their single diol counterparts. 
This is a little surprising in view of the fact that it is generally 
considered that phase mixing enhances the possibility of transparency. 
Indeed Syed in his work had shown mixed diol polyurethanes to be more 
transparent than single diol polyurethanes. Clearly, however, at 
low hard segment contents the reduced reinforcing effect of mixed 
diol hard segments, has a greater effect than any increase there is 
in phase mixing. This view is substantiated by two facts: 
a) The material AG40 (CAPA 220/H12MDI/l,4,Butane Diol; 1/2/1) is 
transparent Whilst the material AG66 (CAPA 220/H12MDI/Mixed Diol; 
1/2/1) is opaque. 
b) DSC and WAXD work showed that over a period of time (approximately 
2 years) that mixed diol polyurethanes based on CAPA 220 (2000.Mol.Wt) 
had begun to develop signs of soft segment crystallisation. By 
comparison the single diol polyurethanes had remained transparent. 
The effect of increased phase mixing in mixed diol polyurethanes can 
also be seen in the permeation results. Because of the reduced hard 
segment order there is less restriction upon the soft segments; so 
that increased segmental mobility results in an increased permeation 
rate. Also it has been shown.;that as the soft segment molecular 
weight of the polyol is reduced the Tg's of the two phases come closer 
together. It must therefore be expected that the hard segment (and 
its morphology) will play an increasingly important part in the 
permeation process. The reduced hard segment order in the mixed diol 
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polyurethanes can only serve to help increase the permeation rate. 
This is borne out by the shape of the curves in Figs.97 & 98. 
which are seen to become divergent in nat~re as hard segment 
is increased. 
The inclusion of Tri Methylol Propane (IMP) introduces a tri-
functional element into the polyurethane formulation. As Fig.109.. 
shows the three hydroxyl groups, by which chain extension takes place, 
can be considered to be at almost right angles to each other. Also 
it is quite apparent that IMP is a much more bulky molecule in 
comparison to 1,4,Butane Didl. As such hard segments will not only 
be chemically crosslinked to each other, they will also be quite 
amorphous and irregular in shape. Evidence that these materials are 
crosslinked is provided by; 
1/ Their DMTA behaviour where an enhanced plateau modulus is 
exhibited to temperatures in excess of 160·C. 
2/ Their insolubility in THF. (for GPC Work). 
3/ Their extremely low compression set values. 
Similar arguments to those outlined for mixed diol polyurethanes 
can also be seen to apply to the thermoset polyurethanes with regard 
to hard segment morphology such that the increased amorphous nature 
of the hard segment results in increased phase mixing and reduced 
reinforcement of the soft segment matrix. This is evidenced by 
higher Tg and Tano loss values, reduced physical properties, increased 
soft segment crystallisation ageing tendencies, and poorer permeation 
performance. The results also suggested that the polyurethanes chain 
extended with a mixed diol and IMP were the most amorphous in character 
of all the polyurethanes hard segments examined. In terms of the 
Bonart model this would have been expected; indeed other workers have 
drawn similar conclusions. (237,238) 
As already been discussed because the crosslinking occurred in the 
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hard segment domain any change in permeation behaviour is small and 
occurs because of the effect the hard segment morphology has upon 
the soft segment matrix. 
Recent results by Koberstein & Stein and Van Bogart et al have been 
inconsistent with the Bonart extended sequence model. (163,177,239) 
Their evidence has suggested that hard segment chains must be present 
in either coiled or perhaps folded configurations. Hard Segment 
domain thickness is governed principally by the shortest hard segment 
sequence length (the critical length) that is insoluble in the soft 
segment phase. Sequences longer than the critical length adopt coiled 
configurations to re-enter the hard segment domain and fill spaces 
efficiently. 
In a comparison of polycaprolactone/H12MDI/l,4,Butane Diol polyurethanes 
Van Bogart et al found that the H12MDI based materials formed smaller 
hard segment domains and as such were capable of greater reinforcement. 
Much of the evidence for this folded model has been collected using 
small angle X-ray scattering (SAXS) and Nuclear Magnetic Re~ance· 
(NMR) techniques neither of which were employed during this·research 
progranme. As such it is perhaps unwise to speculate too generally 
on how appropriate this model might be to the materials under study 
here. However there are clearly some points of interest; 
1/ The use of 1,6,Hexane Diol in the mixed diol chain extender system 
could be expected (if the Koberstein & Stein supposition is correct) 
to be more flexible in nature than 1,4,Butane Diol. As such would 
it not therefore contribute to a more efficiently packed hard segment 
domain. The results obtained here do not suggest this has happened. 
2/ Whilst the possibility of coiled or folded hard segments cannot 
be ruled out for the thermoplastic polyurethanes it is difficult to 
envisage how, given the nature of the trifunctional element, the 
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thermoset polyurethanes may be accomodated into this model. This 
raises the possibility that two entirely different morpho1ogies 
may exist for these materials. This could possibly explain the 
two obviously different permeation results that occurred in the 
cast crystalline polyurethanes. It may also go someway to explaining 
the large differences in loss behaviour (TanS) between the 
thermoplastic and thermoset materials. 
From the results obtained one formulation (AG2;CAPA 220/H12MDI)I,4 
Butane Dio1; 1/3/2) was considered to be the most promising candidate 
for a face mask material, and as such, was taken as the basis for 
scale up and Injection Moulding trials. Scale up batches of 5 and 
lOKg (twice) were succesfu11y produced and this provided enough material 
to subsequently granulate and use for Injection Moulding purposes. 
Attempts to produce a 50kg batch weight were unsuccesful because of 
problems incorporating large quantities of 1,4,Butane Dio1 into the 
prepolymer before gelling would occur. 
Injection Moulding experiments were carried out Which showed that 
transparent polyurethanes could be succesfu11y fabricated. However 
it was seen that tensile properties in particular were someWhat lower 
than those which had been obtained with the cast materials. This may 
well be due to the reprocessing of the polyurethane or alternatively 
could be considered a result of some inherent problem within the 
scale up process e.g. Hard Segment dispersion. Experiments were 
carried out Which looked at the effect of processing variables upon 
some physical properties. Small changes were recorded in Tensile 
Strength, Elongation at Break,and Compression Set. However perhaps 
the most notable result was that the polyurethane began to show signs 
of yellowing at injection temperatures of 190·C and above. 
An attempt to ascertain the effect of processing conditions (time, 
temperature, and pressure) upon the permeation behaviour of the 
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polyurethanes was made by compression moulding. Variations in 
time and temperature showed little difference in performance, 
Whilst variations in pressure showed marked anomalies;this anomaly 
may have resulted from extremely thin samples having been tested. 
Finally two other aspects of the research work revealed some 
interesting results. Firstly DSC Analysis of the CAPA Polycaprolactones 
suggested that these polyols were constructed of two different molecular 
weights. Thermograms showed an upper endotherm which corresponded 
to the published melting point of the polycaprolactone molecular 
weight concerned (38-42'C) whilst a lower endotherm corresponded to 
the melting point of CAPA 200 (550.Mol.Wt); 16-19"·C). Further 
analysis work by GPC confirmed the presence of at least two distinct 
molecular weight species. 
This evidence suggests that Laporte Industries'use CAPA 200 as an 
additive to correct any imbalance in Hydroxyl Number (and therefore 
molecular weight) of their polyols so that a consistent 'as sold' 
product is obtained. Whilst certainly from a stoichiometry point 
of view the product is consistent the polyol morphology will very 
much depend upon the amount of CAPA 200 present. In this research 
programme all of the polyurethanes synthesised used polycaprolactone 
from one source only so that no possible variation in morphology could 
occur. How much CAPA 200 was present in any of the polycaprolactones 
used is uncertain because neither of the two analytical techniques 
employed provided any quantitative data. 
What effect the presence of CAPA 200 in the polyols will have upon 
the properties of the synthesised polyurethanes is also a questionable 
matter. If the results for the mixed polyol system (where two different 
molecular weights were deliberately brought together) are used as a 
guideline then it must be expected that there will be some deleterious 
effect. e.g. Reductions in Hardness, poorer tensile strength etc. 
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It is also perhaps worth pointing out here that the polycaprolactones 
used by Van Bogart et al in their research work came from a different 
source (Union Carbide). As such comparisons with their work are not 
strictly accurate. 
Secondly GPC work was extended to include the synthesised 
polyurethanes themselves. This showed the materials to have similar 
molecular weights (Mn) and molecular weight distributions to those 
recorded by other workers in this field. Two interesting spects 
which emerged from the work were; 
1/ A distinct peak in molecular weight being obtained with the 
CAPA 210 materials. 
2/ A fall in the molecular weight of the final synthesised polymer 
as the reaction ratio was increased. 
In discussing these results with Laporte Industries (the manufacturers 
of the polycaprolactone) it emerged that the polyols themselves contained 
catalysts (at different levels and of different types). This was 
surprising since the work by Syed had strived to avoid using catalysts 
because of their possible contribution towards degradation. In view 
of the work by Camargo et al it was felt that the presence of catalysts 
may have provided a plausible explanation for the distinct differences 
in molecular weight that were found. However samples sent to the 
M.O.D. for X-Ray Spectroscopic Analysis revealed no discernible 
variations in catalyst. (values of c.20ppm were thought to be present). 
The fall in molecular weight of the final synthesised polymer as the 
reaction ratio was increased could be thought of as evidence towards 
the model proposed by Chen et al; i.e. The composition of the final 
product is controlled by the diffusion rates of species from one phase 
to another. It may however be that the changing structure of the 
polyurethane elastomer is unfairly influencing the GPC technique 
such that comparisons are invalid. There clearly needs to be more 
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work in this area before a complete understanding can be 
achieved. 
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6.0 RECOMMENDATIONS FOR FUTURE RESEARCH WORK 
This research programme has shown that polycaprolactone based 
polyurethanes are inadequte in their performance against chemical 
Warfare Agents. However for practical purposes flexible transparent 
face masks are required. The following is a list of areas where 
future research work may gain some benefit. 
1/ A modification to the soft segment so that it becomes more 
impermeable to chemical warfare agents e.g. By graft.copolymerisation 
of chemical entities onto the polyol backbone. However any new 
entity incorporated must of course not be susceptible to ageing. 
2/ It may be possible to apply coatings to the polyurethane to make 
it more of an impermeable barrier e.g. The United States Air Force 
have succesfully coated polyurethane and Fluorocarbon (Viton) onto 
a transparent Silicone Rubber. Some initial experiments were carried 
out to see how feasible this idea was by dip coating sheets of 
polyurethane with PolyVinylidene Chloride (Saran). Unfortunately 
upon drying the Saran proved to be too brittle for the underlying 
polyurethane as it cracked upon handling. However adhesion was good 
and it was quite apparent that the transparency of the polyurethane 
sheet was greatly improved by the coating. 
3/ In light of the findings regarding polyol morphology it is quite 
possible that advantages may be obtained if a polycapralactone with 
a narrow molecular weight distribution is used in the polyurethane 
synthesis. Also in a more recent paper Eisenbach has demonstrated 
that it is possible by controlling hard segment length distribution 
to obtain improvements in tensile properties. (239) This improvement 
in hard segment organisation could also result in improved permeation 
properties. 
4/ The scale up process now needs to be closely monitored so that 
optimum conditions for the polyurethane synthesis are achieved. Also 
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a programme of work is needed to full ascertain what physical 
properties are achievable by Injection Moulding. 
5/ The Batelle Institute of Colurnbus, Ohio, U.S.A. have recently 
succeeded in producing a flexible and transparent EPDM rubber. 
This has been done by matching the refractive index of the reinforcing 
fillers and the base polymer. Its principal physical properties are; 
LIGHT TRANSMISSION. 90% 
HAZE. 5% 
TENSILE STRENGTH. c.20MPa 
ELONGATION. 5-600% 
It is claimed that the chemical warfare barrier properties of this 
material are as good as Natural Rubber and Butyl Rubber and face 
masks have already been produced for trials in the U.S.A. Although 
the aesthetic appeal of this material does not match that achieved 
with polyurethane it quite clearly needs to be evaluated so that its 
potential can be assessed. 
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APPENDIX A 
For any given reaction ratio the hard segment content in a polyurethane 
is D(CD)x where 'D' represents a diisocyanate unit 'c' represents a 
Chain Extender unit and 'x' represents the number of chain extender 
units. Accordingly for a 1/3/2 reaction ratio x = 2; and for a 
1/4/3 reaction ratio x = 3. 
The hard segment content in a polyurethane (by weight %) is therefore 
calculated as; 
WEIGHT OF HARD SEGMENT (D(CD)x) 
WEIGHT OF+HARD SEGMENT (D(CD)x) 
WEIGHT OF SOFT SEGMENT 
x 100 
1 
As an example for AG2 (2000.M.wt/H12MDI/l,4,Butane Dio1; 1/3/2) 
the hard segment content (by weight %) is calculated as; 
For a 1/3/2 Reaction ratio; x = 2 
Therefore Hard Segment content = D(CD)2 
By substitution of molecular weights of. H1ZMDI & 1,4,Butane Dio1; 
D(CD)Z = 262(90+26Z)Z = 966. 
Since Soft Segment molecular weight = ZOOO; 
Hard Segment content (by weight %) = 966 
ZOOO + 966 
x 100 
1 
= 3Z.6% 
If a mixed dio1 chain extender (eg. 50% 1,4,Butane Diol & 50% 1,6, 
Hexane Dio1) is employed in the AG2 formulation the calculation is 
modified as follows; 
Hard Segment content = D (CD)Z 
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By substitution of molecular weights of H12MDI,1,4,Butane Dial, & 
1,6, Hexane Dial; 
D(CD)2 = 262 (90+ 118 + 262 + 262) = 994 
Since soft segment molecular weight = 2000; 
Hard Segment content (by weight %) 994 x 100 = 33 2"' • 10 
--2000 + 944 1 
Different ratios of chain extender e.g. 75/25 would require a further 
modification to the calculation to take into account the differing 
amounts of each chain extender. A similar calculation can be used 
when a triol is employed as a chain extender. 
If 20% excess isocyanate is used in the AG2 formulation the calculation 
is'modified as follows; 
Hard Segment content = D(+20%) (C D(+20%)2) 
by substitution of molecular weights of H12MDI & 1,4,Butane Diol; 
D8;20%) (C D(+20%)2) = 314 
+ (90 + 314.4)2 = 1123.2 
Since soft segment molecular weight = 2000; 
Hard segment content (by weight %) = 1123.2 
2000 + 1123.2 
x 100 = 36.0% 
1 
APPENDIX B The chemical weights used in the synthesis 
programme. 
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APPENDIX B 
SERIES A. (1/3/2 Diol) 
Polymer Molecular E~iva1ent Reaction Weight Weight 
Weight Weight Ratio Re~ired Used (gms) 
AG72 
CAPA 200 550 275 1 275 100.0 
H12MDI 262 131 S En 142.9 
1,4,BOO 90 45 2 90 32.7 
AG19 
CAPA 205 830 415 1 415 100.0 
H12MDI 262 131 3 393 94.6 
1,4,BOO 90 45 2 90 21.6 
AGl 
CAPA 210 1000 500 1 500 100.0 
H12MDI 262 131 3 393 78.6 
1,4,BOO 90 45 2 90 18.0 
AG26 
CAPA215 1250 625 1 625 100.0 
H12MDI 262 131 3 393 62.9 
1,4,BOO 90 45 2 90 14.4 
AG2 
CAPA 220 2000 1000 1 1000 100.0 
H12MDI 262 131 3 393 39.3 
1,4,BOO 90 45 2 90 9.0 
AG3 
CAPA 231 3000 1500 1 1500 100.0 
H12MDI 262 131 3 393 26.2 
1,4,BOO 90 45 2 90 5.0 
AG4 
CAPA 240 4000 2000 1 2000 100.0 
H12MDI 262 131 3 393 19.65 
1,4,BOO 90 45 2 90 4.5 
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SERIES B (1/3/2 Mixed Dio1) 
Polymer Molecular Equivalent 
Weight Weight 
Reaction Weight weighf 
Ratio Required Used grns) 
AG75 
CAPA 200 550 275 1 275 100.0 
H12MDI 262 131 3 393 142.9 
1,4,BOO 90 45 1 45 16.36 
1,6,HOO 118 59 1 59 21.45 
AG20 
CAPA 205 830 415 1 415 100.0 
H12MDI 262 131 3 393 94.6 
1,4,BOO 90 45 1 45 10.8 
1,6,HOO 118 59 1 59 14.2 
AG6 
CAPA210 1000 500 1 500 100.0 
H12MDI .262 131 3 393:. 78.6 
1,4,BOO 90 45 1 45 9.0 
1,6,HOO 118 59 1 59 11.8 
AG27 
CAPA 215 1250 625 1 625 100.0 
H1aMDI 262 131 3 393 62.9 1, ,BOO 90 45 1 45 7.2 
1,6,HOO 118 59 1 59 9.44 
AG9 
CAPA 220 2000 1000 1 1000 100.0 
H12MDI 262 131 3 393 39.3 
1,4,BOO 90 45 1 45 4.5 
1,6,HOO 118 59 1 59 5.9 
AG8 
CAPA 231 3000 1500 1 1500 100.0 
H12MDI 262 131 3 393 26.2 
1,4,BOO 90 45 1 45 3.0 
1,6,HOO 118 59 1 59 3.95 
AG7 
CAPA 240 4000 2000 1 2000 100.0 
H12MDI 262 131 3 393 19.65 
1,4,BOO 90 45 1 45 2.25 
1,6,HOO 118 59 1 59 2.95 
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SERIES C (1/3/2 Diol & IMP) 
Polymer Molecular E9!!ivalent Reaction Weight wei~hf 
Weight Weight Ratio Re9!!ired Use grns) 
AG76 
CAPA 200 550 275 1 275 100.0 
H12MDI 262 131 3 393 142.9 
l,4,BOO 90 45 1 45 16.36 
IMP 89.4 447. 1 447 16.25 
AG21 
CAPA 205 830 415 1 415 100.0 
H12MDI 262 131 3 393 94.6 
l,4,BOO 90 45 1 45 10.82 
IMP 89.4 44.7 1 44.7 10.72 
AGI0 
CAPA 210 1000 500 1 500 100.0 
H12MDI . 262 131 3 393 78.6 
l,4,BOO 90 45 1 45 9.0 
1MP 89.4 44.7 1 44.7 8.94 
AG28 
CAPA215 1250 625 1 625 100.0 
H12MDI 262 131 3 393 62.9 
l,4,BOO 90 45 1 45 7.20 
IMP 89.4 44.7 1 44.7 7.15 
AG12 
CAPA 220 2000 1000 1 1000 100.0 
H12MDI 262 131 3 393 39.3 
l,4,BOO 90 45 1 45 4.5 
IMP 89.4 44.7 1 44.7 4.47 
AGll 
CAPA 231 3000 1500 1 1500 100.0 
H12MDI 262 131 3 393 26.2 
l,4,BOO 90 45 1 45 3.0 
TMP 89.4 44.7 1 44.7 2.98 
AG13 
CAPA 240 4000 2000 1 2000 100.0 
H12MDI 262 131 3 393 19.65 
l,4,BOO 90 45 1 45 2.25 
IMP 89.4 44.7 1 44.7 2.24 
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SERIES D 0/3/2 Mixed Diol & TMP 
Polymer Molecular Equivalent Reaction Weight wei~hf 
Weight Weight Ratio Required Use gms) 
AG77 
CAPA 200 550 275 2 550 100.0 
H12MDI 262 131 6 786 142.9 
1,4,Boo 90 45 1 45 8.2 
1,6,HOO 118 59 1 59 10.72 
TMP 134.2 44.7 2 89.4 16.25 
AG22 
CAPA 205 830 415 2 830 100.0 
H12MDI 262 131 6 786 94.6 
1,4,Boo 90 45 1 45 5.42 
1,6,HOO 118 59 1 59 7.10 
TMP 134,2 44.7 2 89.4 10.80 
AG14 
CAPA 210 1000 500 2 1000 100.0 
H12MDI 262 131 6 786 78.6 
1,4,1300 90 45 1 45 4.50 
1,6,HOO 118 59 1 59 5.90 
1MP 134.2 44.7 2 89.4 8.94 
AG29 
CAPA 215 1250 625 2 1250 100.0 
H12MDI 262 131 6 786 62.9 
1,4,800 90 45 L 45 3.60 
1,6,HOO 118 59 1 59 4.72 
1MP 134.2 44.7 2 89.4 7.15 
AG17 
CAPA 220 2000 1000 2 2000 100.0 
H12MDI 262 131 6 786 39.8 
1,4,800 90 45 1 45 2.25 
1,6,HOO 118 59 1 59 2.95 
1MP 134.2 44.7 2 89.4 4.47 
AG15 
CAPA 231 3000 1500 2 3000 100.0 
H12MDI 262 131 6 786 26.2 
1,4,800 90 45 1 45 1.5 
1,6,HOO 118 59 1 59 1.96 
1MP 134.2 44.7 2 89.4 2.98 
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Polymer Molecular Equivalent Reaction Weight weighr 
Weight Weight Ratio Required Used gmsl 
AG16 
CAPA 240 4000 2000 2 4000 100.0 
H12MDI 262 131 6 786 19.65 
1,4,BOO 90 45 1 45 1.125 
1,6,HOO 118 59 1 59 1.475 
TMP 134.2 44.7 2 89.4 2.235 
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SERIES E (1/2/1 Dio1) 
Polymer Mo1ecu1a:: Eguivalent Reaction Weight weighf 
Height Weight Ratio ReCjUired Used gms) 
--
AG41 
CAPA 200 550 275 1 275 100.0 
H12MDI 262 131 2 262 95.2 
1,4,BOO 90 45 1 45 32.7 
AG43 
CAPA 200 830 415 1 415 100.0 
H12MDI 262 131 2 262 62.9 
1,4,BOO 90 45 1 45 10.8 
AG37 
CAPA210 1000 500 1 500 100.0 
H12MDI 262 131 2 262 52.4 
1,4,BOO 90 45 1 45 9.0 
AG42 
CAPA 215 1250 625 1 625 100.0 
H1aMDI 262 131 2 262 42.0 1, ,BOO 90 45 1 45 7.2 
AG40 
CAPA 220 . 2000 1000 1 1000 100.0 
H12MDI 262 131 2 262 26.2 
1,4,BOO 90 45 1 45 4.5 
AG38 
CAPA 231 3000 1500 1 1500 100.0 
H12MDI 262 131 2 262 17.46 
1,4,BOO 90 45 1 45 3.0 
AG39 
CAPA 240 4000 2000 1 2000 100.0 
H12MDI 262 131 2 262 13.1 
1,4,BOO 90 45 1 45 2.25 
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SERIES F (1/4/3 Diol) 
Polymer Molecular E~ivalent Reaction Weight We· ht 
Weight Weight Ratio Re~ired us~ (gms) 
AG74 
CM?A 200 550 275 1 275 100.0 
H12MDI 262 131 4 524 190.5 
1,4,Boo 90 45 3 135 49.1 
AG48 
CM?A 205 830 415 1 415 100.0 
H12MDI 262 131 4 524 126.2 
1,4,Boo 90 45 3 135 32.5 
AG45 
CM?A 210 1000 500 1 500 100.0 
H12MDI 262 131 4 524 104.8 
1,4,BOO 90 45 3 135 27.0 
AG50 
CM?A 215 1250 625 1 625 100.0 
H12MDI 262 131 4 524 83.8 
1,4,Boo 90 45 3 135 21.6 
AG46 
CAPA 220 2000 1000 1 1000 100.0 
H12MDI 262 131 4 524 52.4 
1,4,Boo 90 45 3 135 13.5 
AG44 
CAPA 231 3000 1500 1 1500 100.0 
H12MDI 262 131 4 524 35.0 
1,4,Boo 90 45 3 135 9.0 
AG49 
CAPA 240 4000 2000 1 2000 100.0 
H12MDI 262 131 4 524 26.2 
1,4,Boo 90 45 3 135 6.75 
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SERIES G (Mixed Polyol 1/3/2) 
Polymer Molecular E9);!ivalent Reaction Weight Weight 
Weight Weight Ratio Reguired Used (gms) 
CMA 220 2000 1000 1 1000 100.0 
CMA 200 550 275 1 275 27.5 
H12MDI 262 l31 6 786 78.6 
1,4,BJX) 90 45 4 180 18.0 
AG53 
Ct;FA 220 2000 1000 1 1000 100.0 
CMA 205 830 415 1 415 41.5 
H12MDI 262 l31 6 786 78.6 
1,4,BJX) 90 45 4 180 18.0 
AG55 
CMA 220 2000 1000 1 1000 100.0 
CMA 210 1000 500 1 500 50.0 
H12MDI 262 l31 6 786 78.6 
1,4,BJX) 90 45 4 180 18.0 
AG56 
CMA 220 2000 1000 1 1000 100.0 
Ct;FA 215 1250 615 1 615 61.5 
H12MDI 262 l31 6 786 78.6 
1,4,BJX) 90 45 4 180 18.0 
AG51 
CMA 220 2000 1000 1 1000 100.0 
CMA 231 3000 1500 1 1500 150.0 -
H12MDI 262 l31 6 786 78.6 
1,4,BJX) 90 45 4 180 18.0 
AG54 
CMA 220 2000 1000 1 1000 100.0 
CMA 240 4000 2000 1 2000 200.0 
H12MDI 262 l31 6 786 78.6 
1,4,BJX) 90 45 4 180 18.0 
* 
For 2000 Mol. Wt. material of Series G see AG2 (series A). 
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SERIES H 0/3.6/2 Dio1) 
Polymer Molecular E~iva1ent Reaction Weight weighZ 
Weigh~ Weight Ratio Re~ired Used gms) 
AG79 
CAPA 200 550 275 1 275 100.0 
H12MDI 262 131 3.6 471.6 171.5 
l,4,BOO 90 45 2 90 32.7 
AG62 
CAPA 205 830 415 1 415 100.0 
H12MDI 26.2 131 3.6 471.6 113.6 
l,4,BOO 90 45 2 90 21.7 
AG60 
CAPA 210 1000 500 1 500 100.0 
H12MDI 262 131 3.6 471.6 94.3 
l,4,BOO 90 45 2 90 18.0 
AG57 
CAPA 215 1250 625 1 625 100.0 
H12MDI 262 .. 131 3.6 471.6 75.5 
l,4,BOO 90 45 2 90 14.4 
AG58 
CAPA 220 2000 1000 1 1000 100.0 
H12MDI 262 131 3.6 471.6 47.2 
l,4,BOO 90 45 2 90 9.0 
AG63 
CAPA 231 3000 1500 1 1500 100.0 
H12MDI 262 131 3.6 471.6 31.44 
l,4,BOO 90 45 2 90 6.0 
AG59 
CAPA 240 4000 2000 1 2000 100.0 
H12MDI 262 131 3.6 471.6 23.6 
l,4,BOO 90 45 2 90 4.5 
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SERIES I (1/2/1 Mixed Dio1 
Polymer Molecular E~iva1ent Reaction Weight weirf Weight Weight Ratio Re~ired Use gms) 
AG80 
CAPA 200 550 275 2 550 100.0 
H12MDI 262 131 4 524 95.3 
1,4,BOO 90 45 1 45 8.20 
1,6,HOO 118 59 1 59 10.72 
AG68 
CAPA 205 830 415 2 830 100.0 
H12MDI 262 131 4 524 63.1 
1,4,BOO 90 45 1 45 5.42 
1,6,HOO 118 59 1 59 7.10 
AG69 
CAPA 210 1000 500 2 1000 100.0 
H14MDI 262 131 4 524 52.4 1, ,BOO 90 45 1 45 4.5 
1,6,HOO 118 59 1 59 5.9 
AG65 
CAPA 215 1250 625 2 1250 100.0 
H12MDI 262 131 4 524 41.92 
1,4,BOO 90 45 1 45 3.60 
1,6,HOO 118 59 1 59 4.72 
AG66 
CAPA 220 2000 1000 2 2000 100.0 
H12MDI 262 131 4 524 26.2 
1 ,4,BOO . 90 45 1 45 2.25 
1,6,HOO 118 59 1 59 2.95 
AG70 
CAPA 231 3000 1500 2 3000 100.0 
H12MDI 262 131 4 524 17.46 
1,4,BOO 90 45 1 45 1.50 
1,6,HOO 118 59 1 59 1.96 
AG71 
CAPA 240 4000 2000 2 4000 100.0 
H12MDI 262 131 4 524 13.1 
1,4,BOO 90 45 1 45 1.13 
1,6,HOO 118 59 1 59 1.48 
APPENDIX C The permeation test methods. 
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APPENDIX C 
1. Mustard Gas penetration time test (SD Test) 
(i) Synopsis 
The SD test measures the time to the detectable penetration of 
Mustard Gas (HO), normally vapour, from applied liquid droplets, 
using a specially prepared detector paper which is sensitive to 
less than 0.5pg of HO vapour. 
(ii) Preparation 
The following solutions are prepared: 
1/ 0.005% aqueous solution of Congo Red. 
2/ 5% solution of SD reagent. (2,4, Dichlorophenyl Benzoyl 
Chlorolinide in carbon tetrachloride). 
Test papers are prepared in two stages. First, strips of Whatrnan 
No 1 Filter paper are soaked in solution 1 by passing them 
through the solution until they are saturated. These are then 
air dried in a clean atmosphere at room temperature. Secondly, 
a sheet of cellulose acetate (150 x 75 x 0.25rnm) pierced with 
pin holes (0.5 to 0.75mm diameter) on a square grid at approximately 
10 holes to the square centimetre is placed upon the Congo Red 
paper. A small pad of cotton wool dipped in the SD reagent, and 
lightly squeezed out, is then rubbed gently over the Cellulose 
Acetate Sheet so that the Congo Red paper is covered uniformly 
with very small discrete drops of the SD reagent solution. The 
spotted size of each test paper is marked for identification. The 
second stage of the preparation is carried out immediately before 
starting the test; test papers must be used the same day as they 
are spotted. 
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( iii) Procedure 
A test sample (150 x 75rnm) is placed on a piece of test paper 
of the same size resting on a clean glass shelf with the marked 
side down. Beneath the glass, a mirror is so inclined that the 
under surface of the detector paper can be observed. Multiple 
(usually 11) 1111 drops of HD, dispenced fran a micraneter 
syringe fitted with a right angled glass needle, are touched 
off against the test material, and then each drop is covered 
with a closed cylindrical polythene cup of about 20mrn external 
diameter and 25mm height. The cups are held down with brass 
weights to inhibit evaporation of the agent. The detector paper 
is viewed via the mirror and the time between the application of 
the agent abd the appearance of the third blue spot on the 
detector paper beneath each applied drop is noted. 
2. Decontamination Test (Blot off test). 
(i) Synopsis 
This test is used to determine the degree to which materials 
may absorb liquid chemical warfare agent. The amount of free 
liquid that can be removed by blotting the sample with filter 
paper, at a selected time interval after contamination is 
determined. 
(ii) Procedure 
Samples of the test material, conveniently 40mrn square, are 
contaminated with 5 x 1111 drops of agent. A metal washer 38mm 
outside diameter and 19rnm inside diameter, is placed on the test 
piece so as to surround the contaminated area. The washer is 
then covered with a glass plate to inhibit evaporation of the 
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agent. After a suitable time interval, in this case 30 minutes, 
the cover is taken off and the residual agent is removed by 
blotting and rubbing each sample with two successive filter 
papers (Whatrnan No.l). The papers are placed in a stoppered 
flask containing a suitable volume of solvent appropriate to 
the method of analysis, and shaken to extract the agent. An 
aliquot of this solution is then analysed. For Gas/Liquid 
Chromatographic·Analysis the solvent used is diethyl succinate. 
However, in this case, in view of the large amounts of agent 
which may be found in some solutions, dilution may be necessary 
to bring them within the range of concentration that the 
chromatograph can encompass. 
APPENDIX D The physical test conditions. 
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APPENDIX D 
1. Hardness (BS903;Pt.A7.) 
Hardness values were determined for all the prepared polyurethanes 
using flat test pieces of 6-7rnrn thickness. Because of the wide 
range in hardness of the polyurethanes, IRHD, Shore A, and Shore D 
methods of measurement were employed. The shore D method in particular 
was found to be particularly useful in discriminating between the 
the harder members of each series. Five measurements, at least 
0.25" apart and 0.5" from any edge were taken, and the recorded value 
is the mean of these five readings. 
2. Tensile Strength (BS903;Pt.A2) 
The tensile strength properties of the polyurethanes were determined 
on a JJ tensile testing machine having a maximum load of 500 Newtons. 
The crosshead speed employed was 10Ornrn/min and the resultant stress-
strain curves were plotted on a X-Y chart recorder. Test specimens 
were BS Durnbell type 2 and were cut from the cast sheets using a die 
punch cutter; these were located in the grips using emery cloth to 
prevent slipping. Three specimens of each material were tested and 
the recorded value is the mean of these measurements. Bench marks 
on the specimens were made for the calculation of elongation at break. 
3. Tear Strength (BS903 Pt. A3. ) 
Tear Strengths for all but the hardest materials (i.e. 550 Mol Wt 
polyol based) were determined using standard test pieces. These 
measured between 1.8 and 3.Ornrn thick. The thickness of each test 
piece was taken as the average of four measurements. Three specimens 
of each material were tested and the final Tear Strength figure is 
an average of these. Tear Strength was calculated as follows; 
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TEAR S'IRENGTH (N/2mn) 
where F = maximum force in Newtons 
tsF 2F 
T=t 
t = thickness in mn of test piece 
ts = standard thickness of test piece (=2rnm) 
4. Compression Set (BS903 Pt.A6.) 
The Compression Set for all the prepared polyurethanes was measured 
using plied up samples. No more than two pieces of polymer were 
used in plying up and all samples measured 6.3 ! 0.3mn. The test 
period was 24 hrs at 70· C and a spacer thickness of 4.73mn (25% 
Compression) was employed. Four samples of each material were 
tested and the final Compression Set figure is an average of these. 
Compression Set was calculated as follows; 
COMPRESSION SET (%) = to-tr x 100 
to-ts 
to = original thickness of test piece 
tr = thickness of test piece after recovery 
ts = thickness of spacer 
APPENDIX E AA update. 
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APPENDIX E 
Since writing this thesis two additional developments have appeared 
which are of interest; for the sake of completeness they are 
included here. 
1. A Study of Aliphatic Polyurethane elastorners prepared from 
Diisocyanate issorner mixtures. - C.A. BYRNE, D.P. MACK, & 
J.M. SLOAN. 
Rubber Chemistry & Technology. Vol.58. No.6.(1985)p985. 
Byrne et al have continued their work looking at the isomer 
composition of H12MDI isocyanate and its effect upon the 
properties of polyurethane elastomers. A large number of 
samples were prepared whose trans-trans content varied from 
o to 95% and the results are shown in Table 74. It can be 
seen that a trans-trans content of less than 29% is required 
if transparent flexible polymers are to be realised. 
The synthesised polyurethanes were analysed by a wide variety 
of techniques including GPC, DSC, & IMI'A. The GPC results 
are interesting because they show a wide variety of molecular 
weights being obtained, and which, it was considered, suggested 
that the reactivities of the various H12MDI isomers were different. 
Byrne et al consider that it would be possible to optimise 
polymerisation conditions by adjusting catalyst concentration 
and temperature to obtain samples of high (trans-trans) content 
with high molecular weights. 
In considering the GPC method Byrne et al point out that it is 
not well suited for the analysis of Block Copolymers because; 
1. The refractive indices of the hard and soft segment blocks are 
different. 
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PoLVUIlETIlANE ElASTOMER.S PREPARED 
. Diisocyana~e. isomer 
Shore A M. X 104 composmons 
Trcnu-lrGIU ell-I"nu CiJ-ciJ Appearance hardness Osmometry GPC 
>70 Clear. flexible 75 
10 70 20 Oear. Rexible 78 16.0 6.8 
27 65 10 Clear, flexible 77 12.0 8.4 
29- 61 10 Clear. flexible 76 17.0 6.8 
45 46 9 Cloudy. stiff 68 17.0 9.4 
55 40 7 Cloudy, stiff 77 14.0 7.1 
64 SI 5 Cloudy. stiff 83 13.0 7.0 
73 23 4 Cloudy. stiff 85 9.0 7.4 
82 15 3 Cloud),. stiff 90 7.5 2.1 
95 4.5 0.5 Cloudy. stiff 90 2.5 
• Commercial sample of diisocyanate. 
TABLE 74. The samples prepared by Byrne. et al showing 
the variation in isomer content and its effect 
upon some properties. 
FOMBLINS 
Where X= ROOC 
HOOC 
CH20H 
CONH-C6H3 CCH3J-NCO 
FIG. 110. The Perfluoropolyether derivatives available 
from Montefluous S.p.A. 
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2. The molecular sizes are not as uniform as they would be for 
homopolymers. 
3. Both soft and hard blocks of the polyurethane are likely to 
be polydisperse and so a given elution time cannot be 
corrected with unique hard and soft block compositions. 
DSC work showed typical traces for transparent polyurethanes 
with a soft segment tg and an endotherm in the region of 71°C. 
Byrne et al feel the exact nature of the observed endotherm 
remains uncertain, but suggest that it most probably involves 
the hard-segment glass transition and some closely related 
phenomenon. Ageing of the samples for 12 months resulted in 
the appearance of a second endotherm at higher temperatures 
(140-l70·C). This it was considered resulted from long range 
ordering rather than to any appreciable hard segment crystallinity. 
2. FOMBLINS - Perfluoropolyether derivatives 
Montefluos S.p.A. (Milan, Italy) have developed a range of 
difunctional fluorinated polyols (see Fig 110) suitable for use 
in polyurethane synthesis. Using these precursor materials 
Montefluos have themselves produced transparent polyurethanes. 
HARDNESS (Shore A), 
TENSILE STRENGTH (MPa); 
ELONGATION AT BREAK ('Z,); 
15 -95. 
10 -200. 
200 -1000 
It is already well appreciated that fluoroelastomers give excellent 
protection against Chemical Warfare Agents (see Table 17) and 
the present research programme has shown that in polyurethanes, 
the absorption of such chemical warfare agents is primarily through 
the soft segment. It would seem quite feasible therefore that 
the use of Foffiblins (to give polyurethanes with highly fluorinated 
soft segments) will produce polymers with greatly enhanced 
resistance to Chemical Warfare agents. 
I 
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